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INTRODUCTION 
The present investigation was initiated to develop a better gravimetric 
method for the separation and determination of cobalt. Although many precipi-
tants have been used for this determination of cobalt, the one most often selected 
because of the insolubility of its cobalt complex and its alleged ability to sepa-
rate cobalt from nickel is 1-nitroso-2-naphthol. The resulting 1-nitroso-2-
naphtholate is bulky and therefore is filtered and washed with difficulty. Further-
more, the cobalt naphtholate is generally believed to contain trivalent cobalt. 
The cobaltous ion in aqueous solution has been oxidized at the expense of the 
reagent. Apparently the reduction product of the reagent coprecipitates with 
the cobalt naphtholate. Thus the precipitate is not pure and cannot be weighed 
as such but must be converted into suitable weighable form. Various weighing 
forms have been suggested: (1) conversion to the oxide Co3o4 , an oxide of 
questionable composition; (2) conversion of the ?xide to the free metal in a 
stream of hydrogen; or (3) conversion to the sulfate. 
The problem was, therefore, two-fold in nature. It was hoped to produce 
a precipitate with superior physical properties using 1-nitroso-2-naphthol and 
also one which could be weighed directly without conversion into another form. 
The method of precipitation from homogeneous solution (coupled with pre-
oxidation of the cobaltous ion) was used to solve the problem. 
Part I is a brief review of the analytical chemistry of cobalt. In Part II 
the theory of precipitation in general, of homogeneous precipitation in particular 
and the background of the proposed improvements in the nitrosonaphtholate 
method for the determination of cobalt is presented. 
Parts rn, IV, and V cover experimental work, Part VI includes data, and 
Part VII presents conclusions. 
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PART I 
I. The Problems Encountered in Cobalt Analysis 
A. Summary of Methods Used for the Determination of Cobalt 
Increasing interest in the element cobalt is evidenced by new indus-
trial applications, (l-6) continued research into the biological functions of the 
element, <7- 13) and the preparation of a vast number of new cobalt complexes of 
(1) Bohler, G., and Co. A.-G., Austrian Patent 177,040, Dec. 28, 1953; 
C. A., 48, 1232g (1954). 
(2) Freyermuth, H. B., and Strobel, A. F., U.S. Patent 809,962, to General 
Aniline and Film Corporation, Oct. 15, 1957; C. A., 52, 4193e (1958). 
(3) Kinukawa, B., Japanese Patent 310, Jan. 27, 1953; C. A. , 48, 1230h (1954). 
(4) Nace, D.M., and Walker, W.C., Ind. Eng. Chem., 46, 769 (1954). 
(5) Reitlinger, 0., U.S. Patent 2, 660,569, Nov. 24, 1953; C.A., 48, 1228b 
(1954). -
(6) Wilkins, J.P., and Wittbecker, E.L. , U.S. Patent2,659,711, to E.I. duPont 
de Nemours and Co., Nov. 17, 1953; C.A., 48, 11, llOa (1954). 
(7) Campen, W.A. C., and Dumoulin, H., Chem. Weekblad, 53, 398 (1957); 
c.A., 51, I7574i (1957). 
(8) Makiola, B.A., Die Medizinsche, 475 (1954); C. A., 48, 7183g (1954). 
(9) Mokranjac, M.S., and Medakovic, B., Acta. Pharm. Jugoslav, ~. 5 
(1953); C.A., j§_, 10098f {1954). 
(10) Sacco, A., and Coletti, 0., Atti • . accad. nazl. Lincei., Rend., Classe 
sci. Fis., mat. e nat., 15, 89 (1953). 
(11) Sacco, A., ibid., 15, 82 (1953). 
(12) Verrier, J.M., and Thoai, N. V., Compt. Rend. Soc. Biol., 147, 623 
(1953); C.A., 48, 2137a (1954). 
(13) Williams, R.J. P., Biol. Revs., Cambridge Phil. Soc., 28, 381 (1953). 
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both organic and inorganic origin. (6 ' 14- 19) In any area involving the study of 
cobalt compounds there is always the proplem of separation and/or the determi-
nation of the element. This is never a simple operation and the difficulties are 
frequently enhanced by the fact that cobalt generally is associated with nickel. 
The chemistry of these two elements is such that there are very few methods 
that will separate one from the other completely; and there are no methods for 
the determination of cobalt where nickel does not interfere to a greater or lesser 
degree. 
The number and variety of the methods to be found in the literature 
for the determination of cobalt indicates a continuing attempt to improve exist-
ing methods and develop new ones, most of which appear to be unsatisfactory in 
one or more respects. A brief survey will be given and the reader also is refer-
red to an extensive review of the analytical chemistry of cobalt by Williams. (20) 
1. Volumetric Methods 
Volumetric determinations of cobalt may be classified in 
several groups as follows: 
a. The cobaltous ion is oxidized to an insoluble cobaltic com-
pound. This compound is dissolved and the cobaltic ion determined in an 
(14) Herber, R.H., and Irvine, J. W., Jr., J. Am. Chern. Soc., 76, 987 (1954). 
(15) Fischer, E. 0., Seus, D., and Jira, R., Z. Naturforsch., 8b, 692 (1953); 
C. A., 48, 7475a (1954). 
(16) Laitinen, H.A., and Burdett, L. W., Anal. Chern., 23, 1268 (1951). 
(17) Malatesta, L., and Sacco, A., Atti. accad. nazi. Lincei., Rend. , Classe 
sci. Fis., mat. e nat., 15, 89 (1953); C.A., 48, 8108g (1954). 
(18) Pauson, P. L., and Wilkinson, G., J. Am. Chern. Soc., 76, 2024 (1954). 
(19) Wilkinson, G., Pauson, P. L., and Cotton, F .A., ibid., 76, 1970 (1954). 
(20) Williams, W. J., Talanta, ,!, 88 (1958). 
3 
appropriate manner.<21- 30) In one such method (21) cobaltic hydroxide is 
formed (Eq. 1). 
The hydroxide is dissolved in sulfuric acid in the presence of potassium iodide 
(Eq. 2) and the liberated iodine titrated with sodium thiosulfate (Eq. 3). The 
hydroxide dissolves very slowly and consequently air must be excluded to pre-
vent air oxidation of the iodine. 
Similarly Willard and Hall (23) oxidized Co(II) to Co(III) 
with sodium per borate (Eq. 1), added stannous chloride (Eq. 4) in excess and 
back titrated with potassium dichromate (Eq. 5). 
(21) Engle, J., and Gustavsen , G., Ind. Eng . Chern., ~. 901 (1916). 
(22) Baker, L.C.W., and McCutcheon, T.P., Anal. Chern., 22, 944 (1950). 
(23) Willard, H. H., and Hall, D., J. Am. Chern. Soc., 44, 2237 (1922). 
(24) Harris, H. B., ibid., 20, 173 (1898). (Review). 
(25) Sarver, L. , Ind. Eng. Chern., Anal. Ed., Q_, 275 (1933). 
(26) Singh, B. and Singh, S., Analyt. Chim. Acta, 13, 405 (1955). 
(27) Vas siliev, Z. Anal. Chern., 78, 439 (1929). 
(28) Yalman, R.G., Analyt. Chern., 28, 91 (1956). 
(29) Gapchenko, M. V., Zavodskaya Lab., 10, 245 (1941) ; C. A., 35, 73124 (1941). 
(30) Evans, B.S., Analyst, 62, 363 (1937); C.A., 31, 46148 (1937). 
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(4) +2 + +2 +4 2 Co(OH)3 + Sn + 6 H - 2 Co + Sn + 6 H20 
Successful methods have been reported for precipitating 
the cobalt with 1-nitroso-2-naphthol (Eq. 6), dissolving the precipitate and 
titrating aliquot samples with a standard reducing agent. One method<29) dis-
solves the precipitate in acetone and reduces the nitroso to an amino group with 
trivalent molybdenum (Eq. 7). The molybdenum is added in excess and back 
titrated with ferrous ammonium sulfate (Eq. 8). In a very complex variation 
of this method(30) the precipitate is ignited to the oxide. The oxide is dissolved 
in hydrochloric acid with a small amount of nitric acid (Eq. 9) and finally the 
cobaltous ion is titrated with standard potassium cyanide solution 
(6) O)oH ,~-~Co/3 
ro' 
,_ . +H
2
0 + 
~ h . 
. 7 reduction products 
from reagent 
(7) 
N-(\ 
3 00..,; _,.co/3 +3 _:f-+ Mo + 15 H - 3 
(10) 2 Co++ + 12 CN- + 2 H+ - 2 Co(CN)6 -
3 + H2 t 
5 
b. The cobaltous ion is oxidized to a soluble cobaltic complex 
and the cobaltic ion determined in an appropriate manner. 
Laitinen and Burdett<16) determined cobalt in complex 
compounds by igniting the compounds to the oxide, fusing with a pyrosulfate 
(Eq. 11) and finally treating with potassium bicarbonate and hydrogen peroxide. 
This produced a cobaltic carbonate complex (the nature of which is not lmown 
and was not determined) (Eq. 12) which reacted-with potassium iodide in the 
presence of excess acid to give iodine. The iodine was titrated with sodium 
thiosulfate (Eq. 3) 
(12) ++ Co + H2o2 + KHC03 - complex structure not lmown 
c. Potentiometric Titrations 
Willard and Diehl <31) have suggested that the best volu-
metric method for cobalt is the oxidation of the cobaltous to cobaltic ion in 
alkaline citrate solution using as oxidant the ferricyanide ion. The endpoint 
is determined potentiometrically. According to these authors, iron, chromi-
urn, nickel and vanadium do not interfere. However, manganese is oxidized 
quantitatively to the Mn(IIT) state and must therefore be determined separately. 
The cobalt is determined by difference. In another potentiometric method<32) 
cobalt, in ammoniacal solution, is titrated directly using as titrant potassium 
(31) Willard, H. H., and Diehl, H., nAdvanced Quantitative Analysis, tt D. Van 
Nostrand Co., Inc., New York, 1946. 
(32) Tomicek, 0 . , and Freiberger, F., J. Am. Chern. Soc., 57, 801 (1935). 
6 
ferricyanide. Although nickel forms a similar ammoniacal complex . it is not 
oxidized under the conditions of the experiment. Iron (II), arsenic (TII), 
chr omium(III), chromate, metavanadate or molybdate ions do not interfere. 
Manganese(TI), if present, must first be removed as mangane s e dioxide. 
d. Chelometric Titrations 
Recently newer volumetric methods have been developed 
which have been given the name complexometric or chelometric titra t ions. A 
number of papers (33- 41) have appeared using this new method in which the 
cobalt i s complexed with ethylenedinitrilotetraacetic acid* (EDTA) or similar 
complexing agents. These titrations are either direct, in which the metal is 
titrated with EDTA to an endpoint, or indirect in which the metal ion is com-
plexed initially and then treated in one of several ways. 
* To be abbreviated throughout this paper to EDTA. 
(33) Flaschka, H., Mikrochemie ver. Mikrochim. Acta, 39, 38 (1952). 
(34) Ibid. ' 40' 42 (1952). 
(35) Flaschka, H., and Abdine, H., Chemist-Analyst, 45, 58 (1956). 
(36) Flaschka, H., and Abdine, H., Z. Anal. Chern., 152, 77 (1956). 
(3 7) Fritz, J.S., Lane, W.J., and Bystroff, A.S. , Arial. Chern., 29, 821 
(1957). 
(3 8) Jenickova, A., Suk , V. , and Malat, M., Chern. Listy, 50, 760 (1956). 
(3 9) Kinnunin, J. , and Wenner strand, B. , ibid. , 44, 33 (1955). 
(40) Korbl, J., and Pribil, R., ibid., 51 1 1061 (1957). 
(41) Reilley, C.N., and Schmid, R. W., Anal. Chern., 30, 947 (1958). 
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(1) The direct method. The equivalence point in a 
direct titration may be detected either by visual means or by physicochemical 
methods. At the equivalence point the last trace of 11free 11 (uncomplexed) 
metal ion disappears and a rapid change in J2M (- log M ions) occurs. Addition 
of a compound which produces a color with the ltfree n metal ions and a change 
in color when the ttfree n metal ions are no longer present enables one to follow 
the change visually. Such substances are classified as metal indicators and 
several such indicators have been proposed. <42) 
Reilley has developed a potentiometric endpoint 
system using a mercury electrode as a £M electrode. <41) This method may be 
applied using EDTA or other chelating agents with various ions including cobalt. 
The cobalt solution is buffered with ammonia, obtaining a J2H of 9. 5 to 10. A 
drop of 10-3 M mercury-EDTA is added and the titration carried out with 0. 05 
or 0. 005 M EDTA. The potential of the mercury electrode varies during the 
course of a titration in a manner analogous to the variation of the potential of 
a glass electrode in acid-base titrations. The potential during chelometric 
titrations is expressed by the equation: 
E = E 0 Hg + 0.0296 log 
r- 2-Iil 
+ 0.0296logUigY ~ ~y ~gY 
(42) Barnard, A.J., Jr., Broad, W.C., and Flaschka, H., ttThe EDTA 
Titration: Nature and Methods of End Point Detection, n J. T. Baker 
Chemical Company , Phillipsburg, N. J. (Reprinted from Chemist-
Analyst, 45, 86, 111 (1956); ibid., 46, 18, 46, 76 (1957). 
8 
where 
- ~ v-n y == ~ Y · == metal chelate 
-
1
- - 2 _-;, 
HgY · == mercury chelonate 
- · -
~y == stabiiity constant - metal chelonate 
~gY = stability constant - mercury chelonate 
The concentration of the Hg Y2 - n is kept constant 
by the addition of a small amount of the compound prior to titration. Thus E 
· 1· l 'th M+v vanes mear y w1 . 
(2) The indirect method. The metal ion is complexed 
and then titrated in one of several ways: (1) excess complexing agent is added 
and the excess is back titrated; (2) the metal complex is titrated by displacing 
the metal ion; and (3) titration of the acid liberated. The back titration method 
is used in cases where the metal complex forms too slowly for direct titration, 
or in cases where other metal ions would interfere with a direct titration. The 
excess of EDTA added is back titrated with a metal indicator. 
The so-called replacement titration is used in 
cases where direct titration methods with sharp endpoints are not available 
or where the metal EDTA is not sufficiently stable to permit direct titration. 
Examples of direct and indirect chelometric titrations of cobalt are given. 
Cobalt(II) is titrated directly with EDTA using 
as indicator naphthylazoxime (7-(1-naphthylazo)-8-quinolinol-5-sulfonic acid). 
The cobalt complex is yellow and the free indicator is red. Thus, as the co-
balt is complexed by EDTA the indicator turns from yellow to red. <37) 
9 
A direct method developed by Flaschka <33 ) using 
murexide (ammonium salt of purpuric acid) as a metal indicator can be used only 
for micro quantities (0. 389 mg. was the largest amount reported) of cobalt. A 
direct method using pyrocatechol violet as the metal indicator is claimed to be 
good for quantities up to 12 mg. 
Harris and Sweet<43) proposed an indirect method 
for determining up to 50 mg. of cobalt. Excess EDTA is added to the solution. 
The excess complexing agent is titrated with a standard zinc solution using the 
metal indicator known as Eriochrome Black T Na 1-(1-hydroxy-2-naphthylazo)-
6-nitro-2-naphthol-4-sulfonate . The method is not selective since all other 
polyvalent ions except cobalt must be absent. 
If a small quantity of copper-EDTA complex and 
the indicator PAN 1-(2-pyridylazo-2-naphthol) are added to a cobalt solution, 
the endpoint may be determined as a result of the replacement of copper by 
cobalt in the EDTA complex. <35 ' 36 ) 
2. Colorimetric and Spectrophotometric Methods 
The most widely used colorimetric method for cobalt is that 
employing the red color developed with cobalt and nitroso-R salt (1-nitroso-2-
naphthol-3, 6-disulfonic acid) (sodium salt). <44 • 45) This is a very stable, 
soluble complex analogous to the gravimetric nitroso naphtholate precipitate. 
The method has been used in biological studies for the estimation of cobalt in 
plant and animal tissues, and in the determination of small amounts of cobalt in 
steels. It is excellent for amounts up to 20% of cobalt within the usual limits of 
accuracy for colorimetry and relatively few ions interfere. 
(43) Harris, W. F., and Sweet, T.R., Anal. Chern., 26, 1648 (1954). 
(44) McNaught, K. J., Analyst, 64, 23 (1939). 
(45) Stare, F.J., and Elvehjem, C. A., J. Biol. Chern., 99, 473 (1932). 
10 
3. Polarographic Methods 
Others have described methods for the polarographic determi-
nation of cobalt. <46 - 48) Cobalt, in quantities from 1-20 mg., has been deter-
mined<48) polarographically in the presence of Ni(II), Fe(III), Cu(II), Co(IT), 
Zn(II) and Mn(II). The cobalt is oxidized to cobaltic ion and then determined 
polarographically. 
Souchay and Faucherre <47) determined cobalt in the presence 
of EDTA. The Co(II) ion was oxidized in the presence of the chelating agent with 
lead dioxide in either sodium acetate or potassium carbonate and then determined 
polarographically. The half wave potential of Co (III) is only 0. 2 volt vs. SCE 
compared to Co(II) for which E 1; 2 is always above 1. 0 volt. 
A similar method uses ethylenediamine as a complexing age nt. <46 ) 
The cobalt iS oxidized to Co(en)3 +
3 ; E1; 2 for this system is -0.71 volt vs. 
SCE. Cobalt may be determined in the presence of ions or numerous elements 
-Fe, Al, Mn, Cr, Ni, As, V, Mo and W. 
4. Methods that Separate Cobalt from a Solution of its Salts 
a. Electrolytic 
The electrodeposition of cobalt may be used to separate 
and also to determine the element. However, there must be a preliminary sepa-
ration of cobalt and the method does not separate the element from either copper 
or nickel. The cobalt tends to become oxidized to cobaltic oxide at the anode 
and if ammonium sulfite is added to hinder this reaction, varying amounts of 
sulfur are deposited with the metal, <49) necessitating a correction for the sulfur. 
(46) Dolezal,, J., and Novak, J., Chern. Listy, 51, 1798 (1957); C.A. t 52," 2:644c 
(1958). 
(47) Souchay, P., and Faucherre, J., Anal. Chim. Acta, ~,252 (1949); C.A . , 43, 
8303 (1949). 
(48) Ralea, R., and Furnica, M., Analete Stiint univ., ttAl. I. Cuza, 11 Iasi Sect. 1, 
Mat. fiz. Chim. (N.S.) 1,262, 1955; C.A., 51, 9403d (1957) . 
. (49) Brophy, D. H., Ind. Eng. Chern., Anal. Ed., 3 1 363 (1931). 
If cobalt and copper or nickel are deposited together, copper and nickel must 
be individually determined, and the cobalt by difference. 
b. Separation by Volatilization 
A separation based on the fact that nickel carbonyl is 
more volatile (50) than cobalt carbonyl has been developed. However, since 
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nickel carbonyl is both toxic and highly explosive, this method is not commonly 
employed. 
c. Extraction 
A variety of methods have been developed to extract cobalt ion 
from solution. In each method a cobalt complex is formed which is extracted 
with an appropriate sol vent. 
Bayliss and Pickering(5 l) used ammonium cobaltous 
thiocyanate in the presence of a citrate buffer to prevent the formation of ferric 
thiocyanate. The thiocyanate is extracted with a solution of amyl alcohol and 
diethyl ether. The cobalt complex enters the non-aqueous phase. 
Cobalt has also been extracted as cobalt thiocyanate 
from an acid solutien with isoamyl alcohol and ethyl alcohol. <52) The complex 
is intensely colored and is determined spectrophotometrically. 
Sudo<53 ) reports the formation of an antipyrine blue 
complex of cobalt with ammonium thiocyanate. The complex is extracted with 
a mixture of ethyl acetate and benzene and the cobalt is determined colori-
metrically. 
(50) Lowry, T.M., Chemistryandlndustry, 42,462 (1923) . 
(51) Bayliss, N.S., and Pickering , R. W., Ind. Eng. Chern., Anal. Ed., 18, 446 (1946). 
(52) Ikeda, S., Science Repts. Research Insta. Tohoku. Univ. Ser. A6, 417 
(1954). 
(53) Sudo, E., J. Chern. Soc. Japan, 74, 658 (1953); C.A., 48, 2510b (1954). 
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In two closely related and interesting methods, cobalt 
is complexed initially as the 1-nitroso-2-naphtholate, which then is extracted 
with chloroform. <54• 55) 
Other methods of extraction described in a recent book 
by Morrison and Freiser<56 ) include: 
(1) The formation of a cobaltic acetylacetone complex 
which can be extracted from an aqueous solution with a 50% (by volume) acetyl-
acetone-chloroform mixture. <57) 
(2) The extraction of cobalt(!!) from an aqueous solution 
of its ions by treatment with dithizone dissolved in carbon tetrachloride. Forma-
tion of a cobalt dithizone complex favors the distribution of cobalt 'in the carbon 
tetrachloride phase. <58) 
(3) The extraction of cobalt as in No. 2 by treatment 
with 8-quinolinol dissolved in chloroform. The £H of the aqueous layer is first 
adjusted to remove such metal ions as those of Fe, Cu and Bi. The .£H is then 
raised to 7 or greater to remove cobaltous ions. <59) 
(54) Waldbauer, L., and Word, N.M., Ind. Eng. Chern., Anal. Ed., 14, 727 
(1942). 
(55) Saltzman, B.E., Anal. Chern., 27, 284 (1955). 
(56) Morrison, G. H., and Freiser, H., nsolvent Extraction in Analytical 
Chemistry, 11 John Wiley and Sons, New York, 1957, p. 202. 
(57) Steinback, J., Ph.D. Thesis, University of Pittsburgh, 1953; and 
McKaveney, J.P., Ph.D. Thesis, University of Pittsburgh, 1957. 
(58) Sandell, E. B., and Perlich, R. W .. , Ind. Eng. Chern., Anal. Ed., 11, 309 
(1939) ; Marston, H.R., and Dewey, D. W., Australian J. Exptl. Biol. 
Med. Sci., 18, 343 (1940). 
(59) Moeller, T., Ind. Eng. Chern., Anal. Ed., 15, 346 (1943). 
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(4) Similarly to No. 2 and No. 3, tetraphenylarsonium 
chloride dissolved in chloroform will extract cobalt from aqueous phase con-
taining potassium thiocyanate. A tetraphenylarsonium cobaltous thiocyanate 
compound is formed which is soluble in chloroform. The chloroform layer is 
blue when the compound is present. (60) 
d. Ion Exchange Methods 
When a solution containing Co +2 and Ni+2 is treated with 
+2 := 
concentrated hydrochloric acid, Co forms a stable complex, CoC14 , whereas 
Ni+2 does not. When the solution is passed through an anion exchange column, 
the complexed cobalt is adsorbed on the column and the nickel remains in the 
solution. Partial separation of Co +2 and N/2 has been achieved in this manner 
by Jentzsch. (61) 
e. Gravimetric Methods 
There are described in the literature a number of gravi-
metric methods for the determination of cobalt. One is based on the precipita-
tion of cobalt as the cobalticyanide. (62) This appears to be a good but slow 
method. 
The precipitant most often selected for the gravimetric 
determination of cobalt, because of the insolubility of its cobalt complex and its 
alleged ability to separate cobalt from nicke~, is 1-nitroso-2-naphthol. llinske 
and v. Knorre<63) observed in 1883 that the reaction of 1-nitroso-2-naphthol 
with cobaltous salts produced a brick-red precipitate, and a series of papers 
(60) Potratz, H. A., U.S. Atomic Energy Commission Report, CC-464. 
(61) Jentzsch, D., and Frotscher, I., Z. Analyt. Chern., 144, 17 (1955). 
(62) Fischer , N. W., Pogg. Ann., 71, 545 (1848). 
(63) llinske, M., and Knorre, G. v., Ber., 18, 699 (1885). 
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reported the use of this reagent for the detection and determination of cobalt. (63- 67) 
Subsequent to this initial work, many authors have recommended the original 
procedure of llinske and v. Knorre, or some variation thereof, as the best avail-
able method for the determination of cobalt. 
Various claims are made for the specificity of the reagent. 
Welcher <68) has summarized these statements: "Iron, copper, palladium, 
vanadium and uranium are also precipitated quantitatively by 1-nitroso-2-
naphthol. The precipitation of cobalt may be carried out in solutions containing 
mercury, nickel, chromium, manganese, lead, zinc, aluminum, cadmium, mag-
nesium, calcium, beryllium, antimony and arsenic salts, but silver, tin and bis-
muth interfere. tt 
However, the large number of pages appearing every 
year proposing new methods for the determination of cobalt (53 references in 
Welcher<68)) is indicative of the fact that this is neither an accurate nor an 
easily performed ~nalysis. 
In the first place the precipitate obtained is very bulky 
and therefore is filtered and washed with difficulty. Secondly, the cobalt naph-
tholate is believed to contain trivalent cobalt, the cobaltous ions having become 
oxidized to cobalt(III) at the expense of the reagent; insoluble reduction pro-
ducts from the reagent coprecipitate with the cobalt naphtholate which is con-
sequently never pure. Recent investigations by Kolthoff(7l) and co-workers 
(64) llinske, M., and Knorre, G. v., Z. Anal. Chern., 24, 595 (1885). 
(65) llinske, M., and Knorre, G. v., Z. Angew. Chern., Q_, 264 (1893). 
(66) llinske, M., Chern. -Ztg., 19, 1421 (1895). 
(67) Knorre, G. v., Z. Anal. Chern., 28, 234 (1889). 
(68) Welcher, F.J., ttOrganic Analytical Reagents, n Vol. III, D. Van Nostrand 
Co., New York, 1947, p. 301. 
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further confirm this theory. The structure of the compound is not lmown. Pos-
sible formulae for the precipitate may be written: (see p . 50, also refs. 68 and 113) 
n N · II~ Co/3 
71 
~0 
Inasmuch as the precipitate is not pure, it cannot be weighed as the cobalt 
naphtholate. Some authors suggest that conversion to the oxide, Co3o4 , by 
careful ignition at 700-900°C. is sufficient. (B 9) However, others believe that 
this oxide is variable in composition and that it should be reduced to the free 
metal in a stream of hydrogen. <67 ) Still others report tha t conversion to oxide 
with subsequent conversion to sulfate and heating to 550°C. produces the best 
weighing form. 
One investigator claims that oxidation of cobaltous ion 
to cobaltic ion with peroxide in base and the:r;t solution of the resulting cobaltic 
oxide in acetic acid gives cobaltic ions which can be precipitated successfully 
as the pure cobaltic naphtholate. (70) This method has not been found to be com-
pletely satisfactory, due in part to the extreme insolubility of the oxide in the 
acetic acid and in part to the variable results obtained. A recent paper by 
Kolthoff seems to invalidate the assumption that precipitation is taking place 
from a solution containing cobaltic ions. <71) 
(69) Slowik, P., Chern. Ztg., 38, 514 (1914); C.A., ~. 2541 (1914). 
(70) Mayer, C., and Feigl, F., Z. Anal. Chern., 90, 15 (1932); C.A., 26, 
5873 (1932). 
(71) Kolthoff, I. M. , and Jacobsen, E., J. Am. Chern. Soc., 79, 3677 (1957). 
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Williams (20) in his recent article states, ttN o rna tter 
which modification is used the 1-nitroso-2-naphthol method is open to much 
criticism. The precipitate is impure. This is partly due to the two valency 
states; but in addition the reagent acts as an oxidant, and in this process is 
itself reduced to products which furthe r contaminate the precipitate. The bulky 
nature of the precipitate and its tendency to stick to glassware make filtration 
difficult. Poisonous fumes are given off on heating; and the solubility of the 
precipitate in acetic acid solution remains indeterminate. tt 
Inasmuch as no method for the gravimetric determina-
tion of cobalt has been found to be completely satisfactory, the present investi-
gation was initiated in an attempt to improve the cobalt 1-nitroso-2-naphtholate 
precipitation method. 
PART II 
II. The Theory and Background of the Proposed Method 
Extensive work of both a theoretical and a practical nature has been under-
taken to elucidate the nature of precipitation and the factors influencing the 
physical characteristics of a precipitate. <72- 74) A subject related to these in ... 
fluences, the causes and control of the phenomenon of coprecipitation, likewise 
has received considerable attention. <74...: 77 ) 
(72) Dundon, M.L., and Mack, E., J. Am. Chern. Soc., 45, 2479 (1923). 
(73) Smith, T. B., ttAnalytical Processes, tt 1st ed., Edward Arnold and Co., 
London, 1929. 
(74) Kolthoff, I. M., J. Phys. Chern. , 36, 860 (1932). 
(75) Kolthoff, I. M., and Eggertsen, F. T., J. Am. Chern. Soc., 61, 1036 (1939). 
(76) Kolthoff, I. M., and Noponen, K. E., ibid., 60, 197, 508 (1938). 
(77) Kolthoff, I. M., and Sandell, E. B., J. Phys. Chern., 37, 443 (1933). 
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A. The Physical Characteristics of a Precipitate 
It has been shown that the characteristics of a precipitate are influ-
enced more by the conditions under which it is formed than by its chemical 
composition; that is, sulfides need not be characterized as generally amorphous, 
hydroxides as gelatinous or sulfates as crystalline. By altering the conditions, 
the analyst can change the characteristics of a precipitate although the composi-
tion is fixed. 
Von Weimarn <78 ) has discussed precipitate characteristics in rela-
tion to precipitating conditions. He points out that if a precipitate forms in a 
solution in which it is normally not too insoluble then relatively few crystal 
nuclei will be formed. Subsequent precipitation will consist of a growth upon 
these crystals since the solubility of extremely small crystals is often con-
siderably greater than that of larger crystals, owing to a larger surface area. 
Thus a solution which is saturated with respect to very small particles is 
obviously supersaturated with respect to larger ones. As a result, precipita-
tion takes place on the larger particles and the smaller ones tend to pass into 
solution. 
Ostwald was the first to attempt a quantitative study of the relation 
between particle size and solubility. <79) He derived a formula which later was 
shown by Freundlich (80) to be slightly in error. Ostwald also established the 
the fact that it is necessary for a crystal to have a certain minimum size if it 
is to act as a ngerm n crystal in bringing about crystallization from a slightly 
supersaturated solution. 
(78) von Weimarn, P. P., Chemical Reviews, ~' 217 (1925). 
(79) Ostwald, W., Zeit. Physik. Chern., 34, 495 (1900). 
(80) Freundlich, H., nKapillarchemie, 11 Leipzig, p. 144, 1909. 
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If the initial precipitation takes place from a very supersaturated 
solution, a large number of very small crystals will be formed. With very 
insoluble precipitates ordinary methods of mixing the solutions will always result 
in a relatively high degree of supersaturation, giving rise to very fine, and at 
times colloidal, precipitates. According to Von Weimarn the degree of super-
saturation is a major factor in determining the physical characteristics of pre-
cipitates. This degree of supersaturation may be expressed as the ratio of the 
initial supersaturation of the substance, before precipitation begins, to the 
equilibrium solubility. 
Degree of supersaturation = (S - s) 
s 
S = initial concentration of the substance before precipitation 
begins 
s = equilibrium solubility in equivalents per liter 
Theoretically the physical characteristics of precipitates are a function 
of the conditions under which the precipitate was formed. While this statement is not 
without qualification owing to other factors influencing the nature of a precipitate 
(i.e. , the influence of electric charge on the solubility of a particle, viscosity 
of the solution, heat effect of precipitation, dielectric constants, molecular 
weights of the molecules involved<73) ), the analyst is aware that common prac -
tice in general bears out the theory that better precipitates are formed from 
slightly supersaturated solutions rather than highly supersaturated solutions. 
An interesting series of experiments has been published by Lewin 
and co-workers. <81) They observed that strontium sulfate forms larger crystals 
in a medium in which the growing crystals are more insoluble and smaller 
(81) Lewin, S. Z., and Vance, J. E., J. Am. Chern. Soc., 74, 1433 (1952). 
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crystals in a medium in which the crystals are more soluble; furthermore, if 
the medium is strongly acid, large crystals formed regardless of other condi-
tions, including the rate of precipitation. 
According to these authors the formation of larger crystals from 
solutions of strong acids could be the result of either the promotion of crystal 
growth or the inhibition of nucleation by hydrogen ions. Since they found that 
crystal size was not related to the solubility in the medium, it appears reason-
able to conclude that the hydrogen ions influence the rate of deposition of ions 
on the crystal lattice directly. 
The tentative explanation proposed by the authors is that the rate-
controlling factor in growth is the surmounting of an energy barrier involved in 
displacement of an adsorbed water molecule by a lattice ion. It might then be 
expected that the rate of crystal growth in water solution would be sufficiently 
slow so that the formation of new nuclei would be favored over the growth of 
existing nuclei. This would explain the occurrence of minute crystals of 
strontium sulfate from neutral solutions regardless of the rate of precipitation. 
On the other hand hydrogen ions in aqueous solutions are unique with their high 
mobility in strongly acid solution and the protons may penetrate the adsorption 
layer with comparative ease and convert adsorbed water into hydronium ions. 
The energy barrier involved in the displacement of an hydronium ion would be 
much less than that involved in the displacement of water molecules. There-
fore, hydrogen ions would facilitate the growth of the crystal lattice. On this 
basis it is suggested that the growth of strontium sulfate is not diffusion con-
trolled but that the rate-determining step is the passage of ions from an adsorp-
tion layer to lattice positions. 
Although it is questionable whether Lewin's work has general ap-
plicability, it is desirable that one should try to use the conditions outlined in 
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both of the above theories when attempting to produce a desirable precipitate. 
Thus the analyst will (1) precipitate from reasonably dilute solutions, (2) make 
ns 11 as large as possible by using a solution in which the precipitate will not be 
too insoluble, thus allowing for slower growth and (3) try to develop the precipi-
tate in as highly acid a medium as is possible. 
B. The Purity of the Precipitate 
1. Coprecipitation 
It is a universally observed phenomenon that when a precipitate 
separates from solution it will carry with it in varying amounts the soluble 
constituents of the solution. This effect is increased according to the local 
concentration of the precipitating ion at the point where the solutions are mixed. 
This phenomenon is called coprecipitation and arises in part from adsorption of 
ions from the solution onto the surface of the precipitate and in part from the 
incorporation of foreign ions or sol vent within the crystal. This latter phenome-
non is called occlusion. 
a. Adsorption from the Solution 
fu the past the majority of the precipitates used in 
gravimetric analysis have been ionic in character. The simple structure of 
sodium chloride may be used to illustrate the presence and nature of forces 
within ionic crystals. The structure of sodium chloride may be represented 
as 
+ - + - + - + -
-+--+-+-+ 
+-+-+-+-
- + - + -+ ·- + 
+ :..: positive ion 
negative ion 
The diagram shows that each positive particle within the 
crystal is surrounded by six negative charges (one on four sides of the plane 
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as indicated and one above and below in the three dimensional cube). The same 
is true for each negative particle within the crystal. Those particles on the sur-
face, however, are not surrounded by opposite charges as are their neighbors 
within the crystal. Accordingly, the surface particle has un-neutralized residual 
charges which will attract ions of opposite charge from the solution For exam-
ple, a precipitate such as Baso4 will adsorb Ba++ ions or so4""' radicals upon 
its surface depending upon whichever ion is in excess in solution. Adsorption 
of these ions would leave excess charges in solution, and hence a second layer 
is attracted to the adsorbed layer, contaminating the precipitate. 
+ 
Cl 
BaS04 
Ba++ Cl 
+ 
Ba++ Cl 
Cl 
The degree of adsorption may be predicted using the rule of F. Paneth, L. 
Fajans and 0. Hahn, quoted by Kolthoff(82) !!Those ions whose compounds with 
the oppositely chargedc.onstituent ofthe lattice are slightly soluble in the solu-
tion in question are well adsorbed by the ionic lattice. n Thus, one finds that 
in the precipitate of silver iodide formed using either silver thiocyanate or 
silver nitrate, at the same final concentration of each, silver thiocyanate is ad-
sorbed to a greater extent than silver nitrate, owing to the greater insolubility 
of the thiocyanate. There are other factors which determine the extent of adsorp-
tion on the surface of a crystal, namely: (1) the degree of ionization of an adsorbed 
compound (i.e., slightly dissociated hydrogen sulfide is very strongly adsorbed 
(82) Kalthoff, I. M., and Sandell, E. B., nTextbook of Quantitative Analysis, n 
3rd ed., The Maclnillan Co., New York, 1952, p. 127. 
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by metal sulfides) and (2) the ability of the adsorbing ion to be deformed and 
thus fit into the space available to it. Anions generally are deformed more 
easily than are cations. The anions of large organic molecules are deformed 
to such an extent that the adsorption of certain organic dyes is used to deter-
mine endpoints in certain volumetric anillyses. 
b. Occlusion of the Solution 
Both ions common to the precipitate and ions not com-
man to the precipitate may be adsorbed by virtue of the charge on the surface, 
as already illustrated. If the conditions are favorable, however, those ions 
not common to the precipitate may be found within the crystal lattice itself. For 
example Pb ++ may be found incorporated in BaSO 4 although the lead is present 
in quantities insufficient to exceed the solubility product of PbSO 4 . This occurs 
because the lead ion is similar in size to the barium ion and easily fits into the 
crystal lattice in place of Ba +t. As the crystal grows there is a constant ex-
change of ions in the crystal for ions in the solution. An equilibrium is estab-
lished between the ions leaving the surface of the crystal and the ions returning 
to the surface. 
If a Pb ++ i~n is in a favorable position as the Ba ++leaves the crystal, it will 
replace the Ba ++ and become part of the crystal. The resulting crystal is 
called a mixed crystal and this contamination thus introduced is very difficult to 
.remove. 
Ions larger than those in the host crystal may be found 
in the precipitate. As the crystal grows the ion may be adsorbed forming an 
imperfection within the crystal as it grows around the large foreign ion. It is 
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somewhat easier to purify such a precipitate, because the crystal lattice is strained 
and aging in the mother liquor will tend to relieve the strain by expulsion of the 
large ion. 
A strongly polar solvent such as water will show a ten-
dency to be adsorbed onto the surface of a growing crystal. If the crystal is 
growing very rapidly it will surround the adsorbed molecules and occlude them 
in the crystal. Such occluded water is removed only at relatively high tempera-
tures. (Barium sulfate loses adsorbed water (surface) readily at 100°C., but 
occluded water is removed slowly at temperatures below 500°C.)(82) 
2. Post Precipitation 
A less frequently observed phenomenon is post precipitation 
which occurs when the mother liquor is supersaturated with some substance 
which precipitates slowly. The primary precipitate may be fairly pure and then 
become contaminated by the separation of the foreign substance. Such a case 
is the precipitation of calcium oxalate in the presence of magnesium ions. The 
initial precipitate m ay contain some coprecipitated magnesium but if it is left 
standing in the mother liquor for a long time magnesium oxalate will precipitate 
and further contaminate the calcium precipitate. 
3. Precipitation from Homogeneous Solution 
H H Will d (83-88) L G d (89, 90, 91) d th (92-95) • . ar , . or on an o ers 
have made extensive studies concerning the conditions necessary for the formation 
(83) Willard, H. H., Anal. Chem., 22, 1372 (1950). 
(84) Willard, H. H., and Freund, H .• Ind. Eng. Chem., Anal. Ed., 18, 195 
(1946). 
(85) Willard, H. H., and Gordon, L., Anal. Chem., 20, 165 (1948). 
(86) Willard, H.H., and Furman, N.H., trElementary Quantitative Analysis, tt 
3rd ed., D. Van Nostrand Co., New York, 1940. 
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(87) Willard, H. H., and Sheldon, J. L., Anal. Chern., 22 1 1162 (1950). 
(88) Willard, H. H., and Tang, N.K., Ind. Eng. Chern., Anal. Ed.,~. 357 (1937). 
(89) Gordon, L., Dissertation, University of Michigan, 1947; Anal. Chern., 24, 
459 (1952). 
(90) Gordon, L., and Caley, E.R., ibid., 20, 560 (1948). 
(91) Gordon, L., Brandt, R.A., Quill, L. L., and Salutsky, M. L., Anal. Chern., 
23, 1811 (1951). 
(92) Elving, P.J., and VanAtta, R.E., ibid., 22, 1375 (1950). 
(93) Heyn, A.H.A., andSchupak, E., ibid., 26,1243 (1954). 
(94) MacNevin, W., and Dunton, M. L., ibid., 26, 1246 (1954). 
(95) Salutsky, M.L., andQuill, L.L., J. Am. Chern. Soc., 72,3306 (1950). 
of good precipitates. Some time ago Willard found that a precipitate such as 
~at of the hydrated ferric oxide, normally gelatinous and difficult to work with, 
could be made granular, easy to work with and obtained with less coprecipitation 
by using a method subsequently termed precipitation from homogeneous solution. 
Normally a precipitate is produced by the direct addition of the precipitating 
agent to the solution. In the case of the ferric hydroxide the classical method 
has been the addition of ammonia to the iron solution until precipitation is com-
plete. The precipitate so produced is the gelatinous hydrated oxide already 
mentioned. Willard first added a very dilute solution of ammonia very slowly 
to the iron solution. By this method he found that the more slowly the very 
dilute precipitating agent was added, the greater was the improvement in the 
quality of the precipitate. Although the ferric hydroxide did not become 
crystalline it did become granular, being composed of tiny particles of virtually 
constant diameter. He envisioned that in this case there was no one point in the 
ferric solution that was suddenly exposed to a very concentrated precipitating 
solution, thus no one point had many rapidly forming minute crystal nuclei. 
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Urea is readily soluble in water. When a solution of urea is 
heated to approximately 60°C., it hydrolyzes to ammonia and carbon dioxide. 
H ~ H 
HN-C-NH + HOH A C02 + 2NH3 
fu acid solution carbon dioxide escapes and the ammonia removes the hydrogen 
ions as ammonium ions, thus raising the E_H. The reaction may be stopped at 
any time by lowering the temperature. The products are gaseous and evaporate 
from the solution. Hence, urea is an ideal precipitating agent for this reaction. 
Ferric hydroxide also can be made granular by increasing the E_H through the 
hydrolysis of urea. 
The term nhomogeneousn has been given to the type of precipi-
tation in which either the reagent itself, or some substance producing the reagent 
(i.e., an increase in the E_H), is generated uniformly throughout the entire solu-
tion, avoiding concentration gradients which characterize the ordinary mode of 
precipitation. Generally there is far less coprecipitation, the precipitates are 
more compact in character and subsequently more readily filtered and washed. 
This mode of separation also enables one to carry out so-called 
two-stage precipitations when necessary. Classical methods of purification 
often call for solution of the precipitate and then a second precipitation. Two-
stage precipitation takes advantage of the diminished adsorption at low E_H. For 
example, in the formation of basic iron formate the E_H of the solution during 
precipitation is allowed to rise to about 2. 5 and the precipitate is filtered off. 
Additional urea is added to the filtrate and the solution heated until the .E_H has 
increased to 4, the small amount of iron then obtained is filtered and both pre-
cipitates are combined. The first precipitate is obtained under conditions such 
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that the contamination is slight. The precipitate obtained at the higher £H will 
contain relatively more contaminant but the quantity of the precipitate is so 
small that the amount of contaminant is negligible. <84) 
Various methods have been developed for precipitation from 
homogeneous solution and they may be classified in the following manner: 
1. Hydrolytic pH adjustment for precipitation of hydrous 
oxides or basic oxides (already discussed). 
2. Hydrolytic pH adjustment for the precipitation of salts of 
weak acids. Calcium oxalate may be precipitated from 
homogeneous solution by the addition of oxalic acid to a 
solution of calcium ions sufficiently acidic to prevent the 
precipitation of calcium oxalate. The £H is increased by 
heating the solution with urea . (86 ) 
3. Hydrolytic generation of the desired anion. Various anions 
may be generated slowly by the hydrolysis of appropriate 
compounds. The sulfate anion has been generated slowly 
throughout the solution by the hydrolysis of dimethyl sul-
fate ~92 ) the oxalate anion by the hydrolysis of methyl oxa-
late, <85) phosphate by the hydrolysis of triethyl phosphate <84) 
and similarly for others. <95 • 96) In nearly all cases the 
precipitate is more readily filtered and washed, owing to 
its dense and compact character. 
An interesting example of the use of triethyl phosphate 
is a method developed for the separation of ions of hafnium 
(96) Gump, J.R., and Sherwood, G.R., Anal. Chern., 22, 496 (1950). 
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and zirconium. (S4) Willard, precipitating Hf by the 
hydrolysis of the phosphate, accomplished in 5 steps an 
over-all recovery of 23.8% Hf. Previous to this time 
under optimum conditions many more steps were required 
for the same reo overy. <97) 
The hydrolysis of organic esters of oxalic acid has been utili-
zed to obtain improved separations of thorium and rare earth oxides. (B5) Hydroly-
sis of methyl oxalate causes precipitation of coarse, crystalline oxalates of thori-: 
urn and the rare earths; thus a separation is effected from a large amount of phos-
phate usually present in monazite sand. The fractional separation of lanthanum 
and cerium and lanthanum and praseodymium also has been accomplished with 
methyl oxalate. Because the solubility differences between rare earth oxalates 
are very slight, local interference is unavoidable and a poor separation is ob-
tained when oxalate ion is added directly to a solution of rare earth ions. If the 
reagent is added internally by the hydrolysis of dimethyl oxalate, this interfer-
ence is reduced and the separation per fractionation step is improved. 
Oxalate ion precipitates magnesium in about 70% acetic acid. 
This was done by direct addition of ammonium oxalate. <9 ) The author wrote 
of this procedure as follows: nBecause of the bulk of the magnesium oxalate 
precipitated and the attendant difficulties in filtering and washing, it is more 
satisfactory if both volumetric and gravimetric quantities are limited to 25 
mg. n<98) In contrast, precipitation from homogeneous solution gives a more 
dense and coarsely crystalline form. Since this precipitate may be filtered 
(97) Larsen, E.M., Fernelius, W.C., andQuill, L.L., Ind. Eng. Chern., 
Anal. Ed., 15, 512 (1943). 
(98) Elving, P.J., and Caley, E.R., ibid., ~. 558 (1937). 
and washed rapidly, 100 mg. or more can be determined when magnesium is 
precipitated from homogeneous solution. (90) 
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Carbonates have been precipitated from homogeneous solution 
by hydrolyzing the trichloroacetate ion to form carbon dioxide and chloroform. <95) 
4. Generation of the Desired Anion by Oxidation-Reduction 
A desired constituent may be synthesized by oxidation-reduc-
tion reactions. For example arsenite may be oxidized to arsenate, thus precipi-
. \ 
tating zirconium arsenate, <96) or iodine may be oxidized to iodate with chlorite 
to separate thorium iodate . <89) 
5. Generation of Anion or Cation by Complexing or Decomplexing 
a. By Hydrolytic pH Change 
Heyn and Schupak(93) determined barium by forming the 
barium ethylenedinitrilotetraacetate complex at a high p_H with subsequent gradual 
\ 
ionization of the complex by lowering the P!I· The latteli was accomplished by 
the hydrolysis of peroxydisulfate: 
- + + 2HOH __.,. 4804 + 0 2 + 4H 
b. By Destructive Oxid~tion 
MacNevin and Dunton precipitated hydrated Fe2o3 at a 
J2.H of 3. 0 ~ 3. 2 by the gradual release of Fe(lll) ions from an EDTA complex. 
In this case the complexing agent was destroyed by the slow oxidation with hydro-
gen peroxide. <94) 
6. Formation of Organic Precipitant in Presence of Cation 
Silver and copper have been determined <99) by forming 
1, 2, 3-benzotriazole within the solution by the synthesis: 
HAc 
-> 
The ions of silver and copper precipitate as the reagent is formed. 
7. Formation of a Precipitate by Variation in Temperature 
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Thorium when treated hot with tetrachlorophthalic acid pro-
duces a very poor precipitate, difficult to work with. Gordon found that on mix-
ing the solutions cold, no immediate precipitation took place until gentle warm-
ing, at which time a dense crystalline precipitate separated from the rare 
earths. (100) 
Table I (an extension of that published by Gordon <101) sum-
marizes the published information concerning homogeneous precipitation. 
C. The Background of the Present Investigation 
The present work was initiated with the hope that a homogeneous 
precipitation of cobalt 1-nitroso-2-naphtholate would improve the quality of a 
notoriously poor precipitate. It was proposed to precipitate cobalt homogeneous-
ly from solution by a method in which cobalt complex would be formed which is 
stable only in alkaline solution. To the solution of the complexed ion, the 
(99) Tarasevich, N.J., Vestnik Moskov Univ., 10, Ser. Fiz. Mat. i Estestven. 
Nauk No. 7, 111 (1955)i C.A., 50, 7652i (1956). 
(100) Gordont L., Vanselow, C.H., and Willard, H. H., Anal. Chern., 21, 
1323 (1949). 
(101) Gordon, L., Anal. Chern., 24, 459 (1952). 
TABLE I 
Summary of Methods Used for Precipitation from Homogeneous Solution* 
Precipitant 
Hydroxide 
Phosphate 
Oxalate 
Sulfate 
Carbonate 
Arsenate 
Reagent 
Urea 
Acetamide 
Hexamethylaminetetramine 
Release of cation to solution by the 
oxidation of complexing agent (EDTA) 
with H2o2 
Trimethyl phosphate 
Meta , . phosphoric acid 
Triethyl phosphate 
Methyl oxalate 
Urea and an oxalate 
Ethyl oxalate 
Dimethyl sulfate 
Sulfamic acid 
Potassium methyl sulfate 
Potassium persulfate (hydrolysis to 
lower E,H) 
Trichloroacetate ion 
Arsenite 
Tetrachlorophthalate Tetrachlorophthalic acid 
Element Precipitated 
Al . a 11 . b th . c , d um1num, ga mm, ormm, 1ron, 
tin, e zirconiume 
T 'ta . f 1 nmm 
Thoriumg 
h Iron 
Zirconiumi 
Zirconiumi 
' Zirconium and hafniumj 
Thorium and rare earths;·c actiniumk 
1 Calcium 
M . m. n 1 . d . o agnesmm, zmc, ca Clum an magnesmm 
Barium,P calcium, P strontium,P lead, q 
Barium r 
Bariume 
Barium s 
Lanthanum, praesodymiumt 
Zirconium u 
Thoriumv "" 
0 
~recipitant Reagent 
Iodate Iodine 
Chromate Urea and dichromate 
Chromic nitrate 
IO 4 periodate Acetamide 
1.2, 3-Benzotriazole Synthesized within the solution 
Chloride ,B-Hydroxyethyl acetate 
Dimethylglyoxime Urea 
Sulfide Thioacetamide 
8-Quinolinol Urea followed by ammonium hydroxide 
Urea 
Element Precipitated 
Th i e . . w or um, z1rconmm 
B ' X armm 
LeadY 
Ironz 
S.1 aa 1 ver, copper 
Silver, thallium coprecipitatedbb 
Nickelcc 
Antimony, bismuth, molybdenum, COPP<fJdd 
arsenic, cadmium, lead, tin, mercury 
Magnesiu~ee 
Aluminumf 
a. Willard, H. H. , and Tang, N.K., J. Am. Chern. Soc. , 59, 1190 (1937). 
b. Willard, H. H., and Fogg, H. C., ibid., 59, 1197 (1937). 
c. Willard, H. H., and Gordon, L., Anal. Chern., 20, 165 (1948). 
d. Willard, H. H., and Sheldon, J. L., ibid •• 22, 1162 (1950). 
e. Gordon, L., Dissertation, University of Michigan, 1947. 
f. Willard, H. H., Anal. Chern., 22 , 1372 (1950). 
g. Ismail, A.M., and Harwood, H. F., Analyst, 62, 185 (1939). 
h. MacNevin, W. M., and Dunton, M. L., Anal. Chern., 26, 1246 (1954). 
i. Willard, H. H., and Hahn, R., ibid., 21, 293 (1945). 
j. Willard, H. H., and Freund, H., Ind. Eng. Chern., Anal. Ed., 18, 195 (1946). 
c.:> 
"""' 
k. Salutsky, M.L., and Kirby , H. W., Anal. Chern., 28, 1780 (1956). 
1. Willard, H. H., and Furman, N.H., ITElementary Quantitative Analysis, tt 3rd ed., D. Van Nostrand Co., 
New York, 1940, p. 342. 
m. Gordon, L., and Caley, E.R., Anal. Chern., 20, 560 (1948). 
n. Caley, E.R., Gordon, L., and Simmons, G. A., Jr., ibid., 22, 1060 (1950). 
o. Elving, P.J. , and Chao, P.C., ibid., 21, 507 (1949). 
p. Elving, P.J. , and VanAtta, R.E., ibid,, 22,1375 (1950). 
q. Elving, P.J., and Zook, W.C., ibid., 25, 502 (1953). 
r. Wagner, W.F., and Wuellner, J.A., ibid., 24, 103;1. (1952). 
s. Heyn, A. H. A. , and Schupak , E., ibid., 26, 1243 (1954). 
t. Salutsky, M. L., and Quill, L. L., J. Am. Chern. Soc., 72, 3306 (1950). 
u. Gump, J .R., and Sherwood, G.R. , Anal. Chern., 22, 496 (1950). 
v. Gordon, L., Vanselow, C.H., and Willard, H.H., ibid., 21, 1323 (1949). 
w. Cooperstein, R., Master's Thesis, Syracuse University, 1949. 
x. Gordon , L., and Firsching, H., Anal. Chern., 26 , 759 (1954). 
y. Hoffman, W.A., and Brandt, W. W., ibid., 28, 1487 (1956). 
z. Gordon, L., and Ginsburg, L., ibid., 29, 38 (1957). 
aa. Tarasevich, N. I., Vestnik Moskov univ. 10, No. 10, Ser. Fiz. Mat. i Estestven. Nauk. No. 7 , 111 (1955); 
C.A., 50, 7652i (1956). -
bb. Gordon, L., Peterson, J. I. , and Burtt, B. P., Anal. Chern., 27, 1770 (1955). 
cc. Bickerdike, E. L., ibid., 24, 1026 (1952). 
dd. Flaschka , H. Chemist-Analyst , 44, 2 (1955). 
ee. Heyn, A. H. A., and Finston, H. L., (private communication) Boston University. 
ff. Stump, F., Z. Anal. Chern., 138, 30 (1953). 
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precipitating agent would be added together with a substance that would lower 
the EH slowly, thereby releasing the ion from the complex to the precipitant 
with subsequent precipitation. 
Since the 1930ts when I. G. Farben Co. first marketed certain amino 
carboxylic acids, it has been known that because these acids contain both carboxyl 
groups and nitrogen atoms they are effective metal complexing agents. In the 
1940ts many laboratories began to investigate the properties of these compounds, 
certain of which were isolated. Schwarzenbach and co-workers have deter-
mined the physical constants of many of the compounds and have published their 
f . d" . . f i 1945 (102, 103 and others) On tt 1 tt m mgs m a senes o papers s nee . e comp exon 
in particular showed great promise as a metal complexing agent in alkaline solu-
tion, and cobalt was among the metal ions most effectively complexed. 
Ethylenedinitrilotetraacetic acid (EDTA) (sold under various trade 
names such as Versene or Sequestrene) is a white crystalline substance only 
sparingly soluble in water. The dis odium salt of the acid is water soluble and 
is generally used in complex formation. The effectiveness of this complexing 
agent (and related compounds) is due to the presence within the single molecule 
of four (and occasionally more) ligands, allowing bonding with all the available 
coordinating positions of the metal ion in lieu of the partial coordination 
achieved with monovalent ligands. 
Furthermore, it will be noted that the EDTA forms three five-mem-
bered chelate rings with the metal ion. Such rings are notably strain free and 
the metal ion is held tightly within the complex. 
(102) Schwarzenbach, G., Helv. Chim. Acta, 30, 1798 (1947); Schwarzenbach, G., 
and Ackerman, H., ibid., 31, 1029 (1948)." 
(103) Schwarzenbach, G., and Freitag, E., ibid., 34, 1503 (1951). 
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The stability of the metal chelates generally is designated by a 
stability constant defined by equation (e). The acid ionizes 
H y - 1 H+ + H y-2 
(HjLH Y-21 
(b) (b f) K2 - 2 -~ :.:: 3 2 
03y-1] 
(c) H y-2 H+ + HY-3 (c t) K3 = 
&+J~y--~ 
~ 
2 ~~2y-2J 
§+]&-~ 
[jiY-3] 
The metal ion M++ reacts with Y-4 to form the complex 
Co+3 + y-4 ~ (CoY)-1 
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The stability constant may be expressed as: 
(e) K = 
I;Y)+n] 
~+~ E-~ 
The stabilitY constants for various metal-EDTA complexes have been pub-
lished!42•.101-4)A few are recorded to illustrate the variation in stability from 
one metal ion to another. (42., 104) 
Complex Log K Complex Log K 
(LiY) - 3 2.8 (FeY) -1 25.1 
(MgY)-2 8.7 (CoY) - 2 16.3 
(FeY) - 2 14.3 (CoY)- 1 40.7 
The influence of the H+ on the stability of the chelate is evident in 
equations (a- d). Thus with decreas ing _EH the acid is in the un-ionized state 
and there is less Y-4 to complex with the metal ion. Since the stability con-
stant varies from one metal ion to another as well as from one complexing 
agent to another, the _EH at which the ion will no longer be complexed will vary 
for each ion complex. The so-called ttapparent stability constanttt at a specific 
£H may be calculated by dividing the stability constant by the fraction of the 
EDTA actually present in the Y-4 form at the given _EH. This value can, of 
course, be calculated from the known dissociation constant of the acid. Plots 
of Y-4 vs. £H have been published. (104) 
(104) Martell, A. E., and Calvin, M., rrchemistry of Metal Chelate Compounds, rt 
Prentice-Hall Co., New York, 1952. 
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The stability constant for cobaltous Versenate is large and the ap-
parent stability constant does not become small until a £H of approximately 3. 5 
is reached. For this reason, EDTA was selected as the reagent to complex 
cobalt in alkaline solution. 
In preliminary work the cobaltous ion was complexed but during the 
course of the investigation it appeared desirable to complex the cobaltic ion. 
No constants had been published at that time for the cobaltic ion but there seemed 
to be little difference qualitatively between the two ions in their reaction with 
the precipitating agent. 
It was further proposed to produce a precipitate that could be weighed 
directly. Duval, working with the thermobalance, found that the cobaltic nitroso-
naphtholate is stable well above 200°C. (105) Therefore such a compound could 
be dried successfully at 130-135°C. Because of the impurities in the precipitated 
cobalt nitroso-naphtholate, a variety of weighing forms such as the oxide Co3o4 , 
cobalt metal or the sulfate have been used in previous methods. Since the im-
purities are believed to be a result of the oxidation . of the cobaltous ion at the 
expense of the reagent accompanied by the formation of insoluble decomposition 
products, then, theoretically, a preliminary oxidation of the cobaltous ion would 
result in a pure product. One recorded attempt to produce a pure precipitate 
by preliminary oxidation to cobaltic ion (cobaltic hydroxide) was unsuccessful. 
Two possible alternatives to the precipitation of the insoluble cobaltic hydroxide 
would be: 
(1) To oxidize the cobaltous EDTA to cobaltic EDTA with peroxide 
in basic solution. The ion being released from the complex to the precipitant 
would then be the cobaltic ion and no reduction to cobaltous ion would occur. _ 
(105) Duval, R., and Duval, C., Anal. Chim. Acta, ~. 84 (1951). 
37 
(2) To oxidize the cobaltous ion to cobaltinitrite ion, in mildly acid 
solution and precipitate the 1-nitroso-2-naphtholate from this ion. It is claimed, 
according to Welcher, that the purest cobalt naphtholate is obtained by precipi-
tating from a solution of sodium cobaltinitrite. <68) This precipitation is not 
quantitative, however,. because of the limited solubility of the sodium salt. 
The direct weighing of the precipitate would have the two-fold advan-
tage of a very favorable gravimetric factor as well as eliminating one time-
consuming step in the analysis. 
PART III 
ID. Discussion 
A. The Preliminary Treatment of the Problem Using Ethylenedinitrilo-
tetraacetic Acid (EDTA) 
As already noted it was proposed to complex the cobalt in basic 
solution, add the precipitant, 1-nitroso-2-naphthol, and slowly ionize the com-
plex, releasing the cobalt to the 1-nitroso-2-naphthol by the gradual lowering 
of E_H. 
B. Selection of a Reagent to Increase Acidity 
In order to decrease the apparent stability of the complex slowly 
and homogeneously throughout the solution, a suitable reagent to increase the 
acidity had to be found. According to previous work of A. Baker<106) it appeared 
that the final E_H should be about 3. 5 to insure that all the cobalt is removed. 
from the complex. Several compounds, soluble in water and thought to hydro-
lyze to give an acid solution, were investigated (see Table II,. p. 38). 
Since a E_H of approximately 3. 5 was desired, the use of ethylene 
chlorohydrin, methyl acetate and the salt of ethyl hydrogen sulfate was discarded. 
Although the diethyl oxalate gave a desirable E_H, such large quantities had to be 
used that the undesirable precipitation of cobalt oxalate resulted. 
(106) Baker, A., M.A. Thesis, Boston University, 1951. 
Reagent 
Ethylene chlorohydrin 
Methyl acetate 
Diethyl oxalate 
Chloro acetamide 
Chloral hydrate 
Ethyl hydrogen 
sulfate 
(K salt) 
TABLE II 
Proposed Reagents to Increase the Acidity 
Expected hydrolysis Time 
ClCH2CH2 0H + HOH CH3 CH2 OH + HCl Immediately 2 minutes 
10 minutes 
30 minutes 
CH3COOCH3 + HOH- CH3COOH + CH3 0H 
1 hour 
C2H5 0COCOOC2H5 + HOH- 2 C2H5 0H 
0. 5 hour 
+ HOCOCOOH 
ClCH2CONH2 + HOH - NH3 + ClCH2COOH 0. 5 hour 
CC13CH(OH)2 + HOH- H2 0 + CHC13 + HCOOH 1 hour 
(1) EtO-fo - + HOH - Et-0-~0H + OH-
1 hour 
(2) Et-o-foH + HOH -H2So4 + EtOH 
£!! 
9 
8 
7 
6-7 
5-6 
2-3 
3-4 
2-3 
No change 
No reaction 
c., 
00 
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Chloroacetamide was selected initially as a more desirable reagent 
for this purpose since the products of hydrolysis are not toxic. Unfortunately, 
however, some side reaction appeared to take plaee between EDTA and the 
chloroacetamide or its hydrolysis products. The ~H did not decrease below 
5 in the actual precipitation runs, unless the solution first was made neutral 
or slightly acid before the addition of the chloroacetamide. 
Chloral hydrate, which likewise showed promise, was used through-
out this part of the investigation. 
C. The Cobalt Standard 
Merck Co. analyzed cobalt was converted into chloropentammine 
cobaltic chloride in the manner described by Biltz, Hall and Blanchard. (107) 
Since nickel does not form a similar compound, the cobalt was thus separated 
from the nickel, the major contaminant. 
The salt was isolated and purified as described by the authors, then 
converted to the sulfate by treatment with sulfuric acid. The sulfate was dried 
and tested for purity by the use of an ion exchange column. The results are 
given on p. 61. It is evident that the compound was of the assumed composi-
tion, pure and anhydrous. 
D. The Preparation of the Precipitant, 1-Nitroso-2-naphthol 
1-Nitroso-2-naphthol is insoluble in water and only slightly soluble 
in mineral acids. It is, however, soluble in 50% acetic acid or in basic solution. 
The initial choice of a 50% acetic acid solvent was a poor one in this case be-
cause the addition of the reagent to the basic solution lowered the .E_H sufficiently 
to cause precipitation of the 1-nitroso-2-naphthol itself. Since the 1-nitroso-
2-naphthol precipitated under these conditions has the same appearance (even 
under the microscope) as the cobalt salt of the compound, the use of this 
(107) Biltz, H., and Biltz, W., ttLabora tory Meth ods of Inorganic Chemistry, tt 
lst ed., (adapted from the German by W. Hall and A. Blanchard), New 
York, John Wiley and Sons, 1909. 
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solution was impracticable. Therefore, a basic solution of the reagent was pre-
pared for trial in this study. 
E. The Unsuccessful Attempt to Precipitate Cobalt 1-Nitroso-2-naphtholate 
from a Basic Solution of Cobalt EDTA 
It was anticipated that the apparent stability constant of the cobalt 
EDTA complex in basic solution would be sufficiently large to prevent the preci-
pitation of cobalt 1-nitroso-2-naphtholate. However, when the precipitant was added 
to the complexed cobalt immediate precipitation of the cobalt naphtholate occur-
red. Thus, when a 10-mg. sample of cobalt ion in 100 ml. of water was treated 
with a solution of 0. 25 g. of 1-nitroso-2-naphthol there was immediate precipita-
tion (calcd.: 10 mg. of Co++ ion reacts with 0.1 g. of 1-nitroso-2-naphthol). 
Half this amount, i.e., 0.125 g. of 1-nitroso-2-naphthol, produced no immedi-
ate precipitate. Therefore, it appeared that the concentration of the reagent 
was critical. Several variations were studied, in an effort to enable one to use 
larger initial amounts of reagent. 
1. An increase in the _eH of the cobalt EDTA solution. No effect 
was noted. 
2. Diluting both the cobalt-EDTA solution and the reagent. There 
was no effect with dilutions within reason (i.e. , up to one liter of total solution 
was tried). 
3. Increasing the amount of EDTA. This had little effect. 
Since each of the variations was ineffective, a better complexing 
agent was sought. Several complexing agents related to EDTA and known only 
by their trade names : (Fe-3 specific, Versene T, Versene III) were tested but 
none were better for this purpose than Versene itself. A newer substance, 
1, 2-cyclohexylenedinitrilotetraacetic acid (Chel-600) proved to be a far superior 
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complexing agent than any previously investigated. Not only did the cobalt not 
precipitate in basic solution, but neither did it precipitate in acid solution. 
F. The Unsuccessful Precipitation of Cobalt Complexed with 1, 2-:-Cyclo-
hexylenedinitrilotetraacetic Acid by Gradual Lowering of pH 
The method outlined below did not give consistent results. Oc-
casionally the cobalt found would approach the known value to within 4- 5%. 
More often, the results would be much too high and then again much too low. 
After several trials the method was abandoned. It was thought to be unsuccess-
ful because: (1) the insoluble 1-nitroso-2-naphthol precipitated before the cobalt 
naphtholate could precipitate. (2) Cobalt naphtholate could not be precipitated at 
too low a £H level. As the most favorable J2_H, 3-6, the metal ion is still com-
plexed to a large extent and is not released to the precipitant. 
G. Synthesis of the 1-Nitroso-2-naphthol within the Solution of Cobalt 
Versenate 
It appeared that the failure of the proposed method resulted from 
the precipitation of the reagent itself before the cobalt ion was released from 
the complex. This could be avoided if the reagent were synthesized within the 
solution at the proper £H for reaction with the complexed cobalt. A simple 
preparation for 1-nitroso-2-naphthol is given in ttorganic Synthesestt. <108) 
By a modification of this procedure, forming the 1-nitroso-2-naphthol in the 
solution containing the cobalt, a precipitation from homogeneous solution simi-
lar to No. 6, p. 29, would occur. In a blank run, all of the 2-naphthol was 
added before any 1-nitroso-2-naphthol precipitated. With cobalt present, it 
was a short but measurable time before the first red precipitate appeared. Thus, 
(108) "Organic Syntheses, n Coll. Vol. I, 2nd ed., John Wiley and Sons, New 
York, 1941, p. 411. 
although the 1-nitroso-2-naphthol forms rather rapidly and the precipitation 
takes place rapidly, it appears to be from a homogeneous solution since the 
reagent is removed by the cobaltic ion as it forms throughout the solution. 
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The cobalt was complexed initially with EDTA and oxidized. Modi-
fying the directions given in the reference, 1-nitroso-2-naphthol was synthesized 
within the solution. Two modifications of the synthesis were investigated. 
1. Introduction of Nitrous Acid by Means of Ethyl Nitrite 
Ethyl nitrite hydrolyzes to give nitrous acid and ethyl alcohol. 
In the experiment some cobalt naphtholate was formed but the results were low 
and there was also some decomposition as evidenced by the appearance of tars. 
Sodium nitrite was added after precipitation with ethyl nitrite. 
It was hoped by this method to precipitate some :Cobalt from homogeneous solu-
tion with the ethyl nitrite and complete the precipitation with sodium nitrite, but 
the method was not successful. 
Since the occasional tar that formed might be due to air oxida -
tion, it was proposed to use sodium carbonate as a base and to exclude air 
during the reaction. As the acid was added carbon dioxide bubbled through the 
solution. This served the twofold purpose of stirring the solution and covering 
the surface with carbon dioxide, thus excluding air. This appeared to have no 
effect, therefore the precipitate was treated further. 
After the precipitate had settled, the supernatant liquid was 
decanted and the precipitate treated by one of two methods. (1) In the first, 
the precipitate was treated with nitric acid, various concentrations of nitric 
acid were used, hoping to oxidize any tar that formed, but this was unsuccessful 
in all such attempts. (2) The precipitate was treated with acetic acid hoping 
that the tar might be sufficiently soluble in this acid to be dissolved and washed 
from the precipitate. The treatment was beneficial but the precision still was poor. 
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The amount of acetic acid originally added to the cobaltic 
solution was varied, thinking that tars might be soluble in the acid and not pre-
cipitate with the cobalt 1-nitroso-2-naphtholate. This procedure seemed to 
change only the physical character, not the purity, of the precipitate. 
The hydrolysis of potassium peroxydisulfate has been used to 
lower the E_H of a solution. (93 ) Although this compound is also an oxidizing 
agent known to attack 1-nitroso-2-naphthol, an attempt was made to use it in 
the hope that by heating the mixture very slowly the oxidation would take place 
very gradually, so that the 1-nitroso-2-naphthol would precipitate the cobalt 
before the reagent was attacked. However, in any variation of this method no 
cobalt precipitated. 
It had been observed that sodium hydrosulfite seemed to de-
compose the tar as well as very slowly attack 1-nitroso-2-naphthol. Therefore, 
after the cobalt 1-nitroso-2-naphthol had settled, sodium hydrosulfite was added 
and the solution warmed very slowly. This treatment appeared to be effective 
and the resulting precipitate was coarse and easy to wash. The weight of the 
precipitate, however, was consistently higher than the theoretical value calcula-
ted from the amount of cobalt taken. 
The boiling point of the nitrite is very low. Conceivably 
much of the ethyl nitrite boiled away in spite of all efforts to prevent such a 
loss. Furthermore, the ethyl nitrite not only hydrolyzed to give ethanol but 
was added in an ethanol solution. Some losses may have occurred owing to the 
solubility of cobalt nitroso-naphtholate in alcohol. 
2. Introduction of Nitrous Acid by Means of Sodium Nitrite and 
Lowering the pH 
In this case, the cobalt naphtholate precipitated well. How-
ever, at 0°C, the temperature maintained during the reaction, any excess 
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reagent formed settled on top of the cobalt nitroso naphtholate. In an attempt 
to avoid the precipitation of the excess reagent, further modifications in the 
procedure were made. 
a. Warming the solution very slowly as the acid was added 
prevented precipitation of the reagent but produced decomposition at the same 
time. In fact, any variation of the procedure that involved the elevation of tem-
perature above 2°C. caused varying amounts of insoluble tar to form with sub-
sequent erratic results. 
b. The precipitation of the cobalt naphtholate in a solution of 
mixed solvents (for experimental details see p. 63): (1) dioxane- water; 
(2) ethanol-water; (3) 1-propanol-water. In the case of (1) and (2) the cobalt 
precipitate itself was much too soluble in any mixture that is a significantly 
better solvent for the reagent. In the case of (3) the alcohol seemed to cause 
extensive decomposition of the reagent or reacted with other substances in the 
mixture to give a yellow oil and various insoluble decomposition products. 
3. Oxidizing the Excess Reagent 
It had been noted earlier that 1-nitroso-2-naphthol is easily 
oxidized and destroyed. Proposing to oxidize the excess reagent into soluble 
products leaving the precipitated cobalt unaltered, several oxidants were investi-
gated: (a) sulfuric acid; (b) nitric acid; (c) peroxide; (d) dilute potassium per-
manganate. (a) and (b) both produced insoluble tars ; (c) had little effect; (d), 
if carefully controlled, did oxidize the excess reagent but the conditions were 
too critical to warrant further development of the method. 
4. Application of a Blank 
It was feared that minute amounts of insoluble tars , not visi-
ble to the operator, might be carried down with the precipitate. A series of 
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blank runs was made. The results of these runs are given on p. 69. The 
average of the runs was thereafter considered a blank error and was subtrac-
ted from the weight of the cobalt nitrosonaphtholate. It will be noted that the 
blank variations did not exceed more than 1 mg. , which would produce a 1% 
error in the final results at the 10 mg. level of cobalt. 
It was fortunate, however, that eventually this "blank n error 
could be omitted (see part H). 
5. Solution of the Excess Reagent in Base 
Since the cobalt naphtholate is insoluble in base and the reagent 
soluble, increasing the E_H appeared to be reasonable. The reagent did dissolve 
in the basic solution (ammonia or sodium hydroxide); the precipitate did not dis-
solve. Many excellent analyses at a variety of cobalt levels were obtained, but 
the resul1cs were not consistently good. The method showed promise, however, 
and work was continued with this procedure for some time. A precision of 1% 
at the 10 mg. level and 0.5% at the 50 mg. level finally was achieved. However, 
the· accuracy was poor. The amount of cobalt (after applying blank error) 
obtained was often lower than the amount taken. 
The difficulty seemed to lie in the formation of a colloidal 
solution at the time the base was added. A variety of modifications of the pro-
cedure proved ineffective in controlling the formation of the colloid (i.e., ad-
dition of an electrolyte, applying an electric charge, heating, stirring). 
Table III summarizes the results using this method(p.47). Severa l 
of the precipitates as indicated in the table were further treated by decomposing 
the compound in a muffle furnace at 900°C. and weighing the remaining cobalto-
cobaltie oxide. As stated above, the composition of the oxide is questionable 
and it indeed proved to be quite variable. The nhigh n results are especially 
46 
TABLE III 
Summary of Results- The Homogeneous Precipitation of Cobalt From a 
Solution of Cobalt Versenate* 
Co found, mg. Deviation 
Co taken, Wt. in g. of (blank applied, from av., 
mg. (C 10H6N 0 2)3 Co· 2H2 0 5. 6 mg. g. 
10.00 Theory 0.1035 
0.1083 9.91 0.0015 0.003 
0.1121 10.28 0.0030 
0.1030 9. 61 0.0067 
0.1125 10.37 0.0027 
0.1134 10.40 0.0046 
0.1099 10.09 0.0002 
**O. 1103 (1) 10.11 0.0005 
0.1095 10.03 0.0003 
0.1090 10.00 0.0008 
av. 0.1098 av. 10.06 
25.00 0.2578 24.60 0.0107 0.01 
0.2770 26.35 0.0085 
0.2708 25.60 0.0023 
av. 0.2685 av. 25.52 
50.00 0. 5167 49.3 0.0032 0.017 
**O. 5058 (2) 48.4 0.0141 
0.5026 48.0 0.0173 
**0. 5445 (3) 51.9 0.0246 
**0. 53oo<4) 50.5 0.0101 
av. 0.5199 av. 49.6 
* In most cases the solutions were not clear when filtered. When left over-
night more cobalt naphtholate settled. 
** Converted to oxide as follows: 
Weight of oxide Co3 ~~ 
(1) o . 0132 
{2) 0.0641 
(3) o. 0748 
{4) 0.0736 
Co present, mg. 
10.02 
47.6 
55.6 
54.6 
47 
difficult to explain. If the cobalt precipitates were contaminated with tar or 
impure precipitate the cobalt found calculating from the nitroso naphtholate 
weight would be high and cobalt found calculating from the oxide lower. 
In order to improve the accuracy of the method, further 
modifications were made in the procedure. 
H. The Determination of Cobalt by the Homogeneous Precipitation of 
1-Nitroso-2-naphtholate from Sodium Cobaltinitrite Solution 
It was apparent that some component of the system was causing the 
precipitate to peptize. The only component that could be omitted in the proce-
dure was EDTA which was used to enable the cobalt to be preoxidized before the 
formation of the precipitate (seep. 36 ). Accordingly, if the Versene were to 
be omitted and the cobalt to be oxidized some quite significant change would 
have to be made in the procedure. 
1. The Determination of Cobalt by the Homogeneous Precipitation 
of Cobalt 1-Nitroso-2-naphtholate from Sodium Cobaltinitrite Solution 
In mildly acid solution cobaltous ion is oxidized to cobaltic ion 
in the presence of nitrous acid~109') Since nitrous acid is present in the reaction 
mixture for the formation of the reagent, here it is made to serve a dual role 
as oxidant -for the cobaltous ion. 
The cobalt in an ice-water mixture is treated with sodium 
nitrite and acetic acid. This mixture is allowed to stand for 10 minutes during 
which time the cobalt is oxidized. Following the oxidation, , a solution of 2-
naphthol dissolved in 25% acetic acid is added. Although 2-naphthol is insoluble 
in water, it dissolves slowly in warm 25% acetic acid. Upon the addition of the 
(109) Latimer, W.A., and Hildebrand, J.H., 11Reference Book of Inorganic 
Chemistry, n 3rd ed., The Macmillan Co., New York, 1951, p. 42 7; 
Sedgwick, N. V. , "The Chemical Eleme nts and Their Compounds, 11 VoL II, 
The Clarendon Press, Oxford, England , 1950, p. 1405 . 
2-naphthol, the solution turns yellow, and the brick red precipitate soon set-
tles. 
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This process would again be classified as precipitation from 
homogeneous solution. The preoxidation does not alter formation of the cobalt 
naphtholate uniformly throughout the solution. A study of the procedure was 
made. 
2. The Oxidation State of the Cobalt Under the Conditions of the 
Experiment 
In a preliminary investigation of the procedure, the cobalt 
solution, treated with sodium nitrite and acetic acid according to the procedure 
to be used, was allowed to stand 10 minutes; then potassium chloride was added 
to the mixture. A yellow, crystalline precipitate formed slowly, indicating the 
presence of potassium cobaltinitrite. This was not tested for quantitative con-
version to cobaltic ion because later analysis of the cobalt nitrosonaphtholate 
indicated a pure precipitate. According to current opinion, cobaltous ion would 
form a precipitate containing contaminating reduction products of the reagent. 
3. The Use of Fluoride Ion and the Quantity of Ammonium Fluoride 
to be Added 
The addition of ammonium fluoride to the cobalt solution was 
a fortuitous circumstance. In order to evaluate the procedure, a sample of a 
National Bureau of Standards steel was analyzed. The usual method of treat-
ing the steel with zinc oxide was selected for removal of the iron. The results 
of the analysis were high. This probably was due to the presence of tungsten in 
the steel. A possible solution to the problem was to form the very stable fluoro 
tungstate complex, thus preventing the precipitation of the tungsten nitroso-
naphtholate. Other ions, among them ferric, form stable fluoride complexes. 
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Cobalt, however, forms no such stable fluoride. It remained only to dete.rmine 
(1) whether the ferric fluoride complex would prevent the precipitation of iron 
as well as tungsten and (2) whether the presence of the fluoride ion would have 
an adverse effect upon the precipitation of cobalt. 
Both studies were made radiometrically; the effect of the 
fluoride ion upon iron in the solution is given in Table XI, p. 77. Table VTI, 
p. 74, shows that the precipitation of cobalt 1-nitroso-2-naphtholate was as com-
plete in the presence of fluoride ion as in the absence of fluoride ion. In fact, 
with this ion present, the precipitate is more dense and settles more rapidly. 
The quantity of ammonium fluoride to be used would quite 
naturally depend upon the nature and quality of ions present. This information 
is not generally known to any degree of accuracy. However, it appears that, 
within reason, there is no upper limit to the amount of ammonium fluoride that 
may be used. Twenty-five grams was selected because this amount would be 
more than adequate for large quantities of iron according to the results from 
the radiometric studies (Table XI, p. 77). 
4. The Study of Variables Affecting the Precipitate 
a. The pH 
No study of the effect of £H could be made because of the 
limitations imposed on the procedure by the addition of ammonium fluoride, as 
well as several other considerations: 
(1) The pH necessary for the complete precipitation of 
cobalt 1-nitroso-2-naphtholate. 1-Nitroso-2-naphtholate exists in two tauto-
me ric forms, probably only one of which precipitates the cobaltic ion. 
-> 
-f-
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Several authors have considered the possible structure 
of the cobalt naphtholate. <110- 112 ) Feig1 (110) assumes that, because cobalt 
naphtholate does not precipitate in highly acid solution but only in mildly acid 
or basic solutions, the phenol structure must be the precipitating tautomer. 
Other authors<111 • 112), however, consider the precipitant to be in the quin-
oxime form. Furthermore, there is no agreement concerning the atoms to 
which the cobalt is coordinated. Some authors write a structure coordinating 
cobalt to the two oxygens: 
or 
....,.o, 
I N ;po/3 N',+o 
.'V'j 
II I 
while others write a structure coordinating the cobalt to one oxygen and the 
nitrogen: 
0~ ~Co/3 
N I 
0 
III 
or 
IV 
(110) Feig1, F. , ttChemistry of Specific, Selective and Sensitive Reactions, tt 
translated by Ralph E. Oesper, Academic Press, Inc., New York, 1949, 
p. 254. 
(111) Sarver, L.A., Ind. Eng. Chern., Anal. Ed., 10, 378 (1938). 
(112) Yoe, J.H., and Sarver, L.A., rrarganic Analytical Reagents, tt John 
Wiley and Sons, New York, 1941, p. 129. 
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Diehl (113) in his excellent review of chelation writes 
* structure III and IV stating that the precipitate may be formed from one or both 
of the reagents. 
(2) The pH necessary in the preparation of 1-nitroso-
2-naphthol. The preparation of 1-nitroso-2-naphthol involves nitrous acid re-
sulting from an acid solution of sodium nitrite. 
f)A oH 
w 
f'AoH 
vv + HOH 
The presence of a large excess of either nitrous acid, acetic acid, or mineral 
acids causes decomposition of the product, although the solution must be suf-
· ficiently acid to produce nitrous acid from the sodium nitrite. 
(3) The pH necessary for the oxidation of the cobaltous 
ion. The oxidation of the cobaltous ion must be carried out in slightly acid solu-
tion, acetic acid, since strong acids decompose the cobaltinitrite complex. (l07) 
However, large quantities of acetic acid cause the precipitate to change charac-
ter. It becomes bulky, colloidal and settles only after a very long period of 
time. The colloidal nature of the precipitate also causes low results. There-
fore, the solution must be acid, the proper acidity being produced with as small 
a quantity of acetic acid as possible. 
(4) The effect of the presence of ammonium fluoride. 
The large quantity of ammonium fluoride buffers the solution to a E_H of 3. 8-4. 0. 
(113) Diehl, H., Chern. Revs., 21, 39 (1 937). 
* Structure IV might better be written with a single N-0 bond and a negative 
charge on the oxygen. 
Several drops of acetic acid added to this solution had no effect upon the .:e_H, 
thus the .:e_H of the solution is fixed. 
b. The Quantity of 2-Naphthol 
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Since no method had been found to counteract the insolu-
bility of 1-nitroso-2-naphthol, it appeared inevitable that the amount of cobalt 
in the solution must be known approximately so that a large excess of reagent 
may be a voided. 
Consistently low results were obtained when the calcula-
ted quantity of naphthol was added to known amounts of cobalt. (See Table IV, p. 53) 
These low results were attributed to the formation of a colloidal precipitate due 
to incomplete precipitation. If an excess of the reagent is added, there is com-
plete recovery of the cobalt but a layer of yellow reagent settles on top of the 
red cobalt naphtholate. A small excess of reagent is not too difficult to remove 
in washing the precipitate since it settles after and not with the cobalt naphtholate. 
However, it is difficult to rid the precipitate of too large an · 
excess of reagent. Not only is it difficult to remove the reagent from the cobalt 
nitroso naphtholate by successive washes, but also during the first wash (see 
procedure, p. 67·) some decomposition takes place, causing the results to be 
high. The method will tolerate up to 20 .ml. (0.1 g. of 2-naphthol) of excess 
reagent which is equivalent to 10 mg. of cobalt. The analyst should know the 
amount of cobalt in his sample within a 10 mg. limit. 
c. The Quantity of Sodium Nitrite 
The calculated amount of sodium nitrite necessary for 
both reactions (i.e. , preparation of the cobaltinitrite and the preparation of the 
1-nitroso-2-naphthol) would be about 2.3 g. of the reagent per hundred mg. of 
cobalt. However, for smaller amounts of cobalt a large excess of sodium nitrite 
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TABLE IV 
The Homogeneous Precipitation of Cobalt from a Sodium Cobaltinitrite Solution 
with the Theoretical Amount of 2- Naphthol Added to the Reaction Mixture 
Co taken Wt. in g . of Cobalt 
mg. (C10H6N02)3 Co· 2H2 0 D. found, mg. u , g. 
10 . 0 0. 0854 0. 0034 8. 24 0. 0024 
0. 086 7 0. 0031 8.36 
0. 0880 0. 0018 8. 50 
0. 088 1 0. 0017 8. 50 
0. 0886 0. 0012 8.55 
0. 0889 0.0009 8 . 58 
0. 0910 0.0012 8. 89 
0. 0918 0. 0020 8. 90 
0. 0924 0. 0026 8. 91 
0. 0933 0. 0035 9. 00 
0.0939 0.0041 9.05 
av . 0.0898 av. 0. 0023 av. 8.67 
50.0 o. 5011 0. 0153 48.35 0. 0321 
0 . 5107 0.0249 49.30 
0.5265 0. 0407 50.72 
0. 5021 0.0163 48 . 43 
0. 5174 0. 0316 49 . 92 
0. 5157 0. 0299 49.76 
0. 4329 0.0529 41.78 
0. 4585 0.0273 44. 25 
0. 4324 0. 0534 41.73 
0. 4774 0. 0084 46 . 06 
0. 4732 0.0126 45 . 66 
0.4829 0.0029 46.60 
av. 0.4858 av. 0.0264 av. 47.08 
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caused the formation of considerable tar. Likewise, it was determined by 
radioactive measurements that for amounts of cobalt up to 100 mg. and even 
slightly exceeding 100 mg., 2 g. of sodium nitrite gave complete precipitation. 
Therefore, 1 g. of sodium nitrite is stipulated for quantities of cobalt up to 
100 mg. and 2 g. is stipulated for 1oo·mg. of cobalt and over. 
d. The Effect of Acetic Acid (apart from the pH) 
The oxidation of cobaltous ion takes place more rapidly 
in a solution of higher acetic acid content than is used in the procedure given. 
1-Nitroso-2-naphthol is soluble in acetic acid whereas the cobalt naphtholate is 
not very soluble until higher concentrations of the acid are reached~ It would 
appear that increasing amounts of acetic acid would be highly beneficial. How-
ever, in actual practice the amount of acetic acid over the amount specified 
causes the precipitate to become colloidal and to settle very slowly. This was 
not a new observation (see p. 43). Table V shows the effect of adding too much 
acetic acid . 
TABLE V 
The Effect Upon the Precipitate of Large Quantities of Acetic Acid in the Reaction 
Acetic acid 
Cobalt taken, mg. added, ml. 
9.10 40 
9.10 10 
9.10 5 
Wt. precipitate, g. 
(C 10H6N 0 2)3 Co·2H2o 
0.0694 
0.0717 
0.0755 
0.0735 
0.0650 
0.0750 
0.1007 
0.0957 
Cobalt formed 
6.24 
6.44 
6.79 
7.09 
6.27 
7.24 
9.06 
9.04 
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e. The Temperature 
In an effort to avoid the use of low temperatures several 
attempts were made to increase the temperature of the precipitating mixture. 
In each case, however, some tarring occurred which gave rise to abnormally 
high results. This is attributed to the presence of excess nitrous acid in the 
precipitating mixture. In the recommended procedure, the filtrate containing 
this acid is separated from the precipitate before the temperature is elevated. 
f. The Settling Time for the Precipitate 
This varies somewhat from one analysis to the next. 
Actually the time is not as important as the appearance of the supernatant liquid. 
If it is not a clear yellow, a colloidal precipitate is indicated. Occasionally 
vigorous stirring and allowing the precipitate to settle a second time clears the 
supernatant liquid. However, if sufficient 2-naphthol has been added, this seldom 
occurs; more 2-naphthol may be added, if necessary. 
g. Completeness of Precipitation 
To ascertain the amount of cobalt removed from the solu-
tion a series of studies were made using radioactive cobalt-60 obtained 
from the Atomic Energy Commission at Oak Ridge. Tests were run at two 
levels of concentration, 10 mg. and 100 mg. of cobalt. 
h. The Wash Solutions 
The precipitate must be washed carefully to remove ex-
cess reagent; for this reason the wash solutions are very important. fu order 
to ascertain which would be the most effective solution or solutions for washing 
without redissolving the precipitate a series of studies using Co-60 was made. 
The procedure described in par:tg was used. Following the reaction, the precipi-
tate was subjected to a series of appropriate wash solutions, filtering after each 
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wash and determining the amount of radioactivity in the filtrate. The amount of 
this radioactivity indicated the amount of cobalt that had been redissolved. Table 
VIII shows the results of the study. 
The initial wash with mineral acid removes any small 
amount of nickel or other metal naphtholates. This is the most critical step of 
the analysis. If too much filtrate has been retained by the precipitate, or if the 
wash solution is too hot or added too rapidly without adequate stirring, tars may 
result. 
The reagent itself is not very soluble in mineral acids 
but quite soluble in base; thus a basic wash is included. A second wash with 
base should be avoided since such a wash tends to cause the precipitate to be-
come colloidal. 
i. The Crucibles 
After the ammonium fluoride was introduced into the pro-
cedure the results of the analyses became erratic, and a check of crucible 
weights indicated the reason. Table VI (p. 57) shows the normal loss in weight 
of a crucible from one determination to another, together with the loss in weight 
during the first analyses with ammonium fluoride added to the solution. How-
ever, the loss is minimized by washing the precipitate and solution out of the 
crucible and back into the beaker after the first filtration. 
However, the loss was hardly negligible. For this 
reason the crucible weight is obtained after the precipitate has been weighed 
and removed by passing a proper solvent through the crucible. Many solvents 
were considered for the solution of the precipitate; acetic acid, alcohol, diox-
ane, chloroform. Chloroform proved to be superior to the others. The precipita-
te is dissolved very rapidly and easily with a minimum of solvent. Furthermore, 
Crucible 
No. 
TABLE VI 
Crucible Weight Losses 
Loss in grams from one determination to the next 
NH 4 F not present 
Wt. in g. 
1 2 3 
0.0006 0.0009 0.0010 
0.0035 0.0010 0.0006 
0.0055 0.0018 0.0040 
0.0007 0.0000 
NH4 F present 
A. Without rinsing out crucible 
after precipitation 
1 
0.0099 
0.0106 
. 0.0121 
Wt. in g. 
2 
0.1079 
0.0206 
3 
0.0130 
0.1826 
B. Rinsing out crucible after 
precipitation (see p . 68) 
0.0024 
0.0004 
0.0048 
0.0100 
0.0084 
0.0043 
0.0592 
0.0077 
0.0167 
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the sol vent is very volatile . Thus the crucible may be heated and weighed in a 
very short time after the extraction of the precipitate. 
It is likely that the use of stainless steel crucibles 
would have avoided this step. 
j. A Study of Interfering Ions 
Ions that commonly occur in association with cobalt were 
tested for interference. These included nickel, iron, arsenic, vanadium, molyb-
denum, copper, silver, tungsten* and manganese* (* from steel samples only). 
Nickel was tested at several levels. The precipitate was 
ashed, taken up with hydrochloric acid, a drop of solution put onto filter paper, 
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dimethylglyoxime added and the paper exposed to ammonia. The appearance of 
a red color indicated the presence of nickel. The method is far more sensitive 
than was desirable but the excess weights of the precipitates coupled with the 
dimethylglyoxime test were quite adequate evidence of contamination. 
Iron was added as ferric ammonium sulfate and detected 
in the precipitate radiometrically. The iron-55 -59 was obtained from Oak 
Ridge. 
Molybdenum was added as Na2Mo04 • 2H2o. It appeared 
that the molybdenum caused the precipitate to peptize (the cobalt recovered was 
less than cobalt taken, and the supernatant liquid was not a clear yellow which 
indicates complete precipitation). With the addition of the ammonium fluoride, 
however, this effect was eliminated. The absence of a red color when thio-
cyanate ion was added to an ashed sample taken up in hydrochloric acid is indi-
cative of the absence of molybdenum in the precipitate. 
Molybdenum was also in the steel sample that was ana-
lyzed spectroscopically. The analysil revealed that only those amounts (de-
fined as 0. 01-0.1% Mo in the precipitate) of molybdenum had precipitated with 
the cobalt. 
Vanadium was added as Na3 VO 4 • The ashed precipitate 
was tested for vanadium by the addition of hydrogen peroxide to the acid solu-
tion of vanadium. The absence of a reddish-brown color (due to the presence of 
H(V02)o2 or HV04) indicated that vanadium was absent in the precipitate. 
In the steel sample analyzed spectrographically 0. 01% 
vanadium was found in the precipitate which was classified as a trace. 
Arsenic was added to the cobalt solution as the arsenate. 
The resulting precipitate was found to be of the theoretical weight. The ash 
* Analysis of cobalt 1-nitroso-2-naphtholate precipitated from the steel sample. 
I 
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treated with silver nitrate did not give a test for arsenic. Although present in 
the steel sample arsenic was not found in the spectroscopic analysis of the pre-
cipitate. 
Copper and silver were found to interfere to a marked 
extent. The initial precipitate was black, indicating contamination. 
Tungsten and manganese were present in the steel sam-
ple. Spectroscopic analysis showed them to be absent in the precipitate. The 
results are shown in Table XII. 
PART IV 
IV. Experimental Part A 
A. Preliminary Treatment of the Problem Using Ethylenedinitrilotetra-
acetic Acid (EDTA) 
B. The Reagents Used 
Unless otherwise stated reagent grade of all chemicals was used 
without further purification. 
C. Preparation of the Complexing Agents 
The disodium salt of EDTA sold as Versene by the Dow Chemical 
Company, Framingham, Massachusetts was used as the complexing agent. 
1. 0. 5 M EDTA Solution 
Eighteen and six-tenths grams of EDTA was added to 30 ml. 
of water, 5 N sodium hydroxide added dropwise until the EDTA just dissolved, 
then the mixture diluted to 100 ml. This gave a 0. 5 molar solution of the com-
plexing agent. Portions of this solution were used as indicated. 
2. 0. 5 M DCTA Solution 
One hundred and seventy-three grams of 1, 2-cyclohexylenedinitrilo 
tetraacetic acid (DCTA) (obtained from Geigy Chemicals Co. as 11Chel-600 11 ) 
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was treated in the same manner to give a 0. 5 molar solution of this complexing 
agent. 
D. Selection of a Reagent to Lower the pH of a Solution 
One hundred-mi. portions of water were made basic (E_H 11 by 
Hydrion paper) by the addition of sodium hydroxide. Ten grams of each of the 
reagents listed in Table II were added to each beaker, followed by gradual heat-
ing. The change in ,EH was recorded (Hydrion paper). Finally, additional reagent 
was put in until no further change in £H occurred. 
E. The Preparation of the 1-Nitroso-2-naphthol Solution 
A basic solution of the reagent was prepared in the following manner: 
one g. of 1-nitroso-2-naphthol was dissolved in 10 ml. of 5 N sodium hydroxide, 
this diluted to 200 ml. with distilled water, heated to boiling and filtered. 
Technical grade 1-nitroso-2-naphthol was used inasmuch as the re-
agent must always be filtered before use whether it is in acid or basic solution. 
Reagent grade was later purchased but this, too, appeared to be impure. 
To purify the reagent it was necessary to make an acid solution of 
the reagent, filter off the acid-insoluble impurities, make the solution alkaline 
and filter off the base-insoluble impurities. The precipitant for all subsequent 
analyses in this part of the work was so prepared. 
F. The Cobalt Standard 
Merck-analyzed cobalt carbonate* was treated in the manner described 
by Biltz<107) to form chloropentammine cobaltic chloride. 
*Analysis of the cobalt carbonate. 
Insoluble in HCl 
Chloride 
N 
so .= 
4 
Pb 
Cu 
%impurity 
0.002 
0.003 
0.005 
0.003 
0.003 
0.001 
(Maximum limits declared by the company) 
Fe 
Ni (as Ni) 
Alk. Earth 
(as so4 j 
0.005 
0.1 
0.5 
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Dissolve 20 g. of cobalt carbonate in as little hydrochloric acid as 
possible and treat the filtered solution in the cold with 250 cc. of 10% ammonia 
and 50 g. of ammonium carbonate dissolved in 250 cc. of water. Oxidize the 
mixture by passing through it a rapid current of air for three hours. Then add 
150 g. of ammonium chloride and evaporate the solution on the water-bath until 
it becomes of pasty consistency. Acidify with hydrochloric acid, while stirring, 
until no more carbon dioxide is evolved and then make ammoniacal once more, 
adding 10 cc. of concentrated ammonia in excess. After diluting to 400-500 cc. 
heat the mixture again on the water-bath for an hour. Add 300 cc. of concentra-
ted hydrochloric acid and leave the solution on the water-bath until, at the end 
of from half to three-quarters of an hour, a separation of chloropentamminecobal-
tic chloride takes place. After cooling, filter off the crystals and wash them 
with dilute hydro_chloric acid. 
For purification, dissolve the crude product in 300 cc. of 2% am-
monia solution, whereby aquopentamminecobaltic chloride is formed; extract 
the residue twice with 50 cc. of the same ammonia solution, and precipitate the 
filtrate by adding 300 cc. of concentrated hydrochloric acid and heating the mix-
ture for three-quarters of anhour on the water-bath. After it has become per-
fectly cold, filter off the salt, and wash it with dilute hydrochloric acid. 
This compound was treated with sulfuric acid, the liquid evaporated 
and the product ignited to 450°C. for one hour. The following method was used 
to determine the purity of the cobalt sulfate thus prepared: an ion exchange 
column was filled with Dowex-50 cation exchange resin. The column was treated 
with acid, then washed with water until no acid was eluted. Solutions of two 
weighed samples of the cobalt sulfate were run separately through the column. 
The hydrogen ion released was titrated with standard base. The 
equivalents of cobalt taken in each sample were calculated. 
Sample I 
g. CoS04 taken = 0.4974 
equivalents Co++ = 0. 00640 
equivalents found = 0. 00637 
Sample II 
g. CoSO 4 taken = 0. 4993 
equivalents Co++ = 0. 00643 
equivalents found = 0. 00639 
++ Stock solutions containing 10 mg. of Co per ml. were made from 
this cobalt sulfate. 
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G. The Unsuccessful Homogeneous Precipitation of Cobalt Complexed 
with 1, 2-Cyclohexylenedinitrilotetraacetic Acid by Gradual Lowering of the pH 
The following general procedure was adopted: To the cobalt in a 
600 ml. beaker was added 10 ml. of 0. 5 M complexing solution. (Cobalt and 
other divalent metals complex with Versene and similar compounds in a 1:1 
ratio (see p. 34). This quantity was thus sufficient to complex approximately 
0. 300 g.) This was treated with 30% hydrogen peroxide (Perhydrol, Superoxide) 
until the color was a clear yellow. Excess peroxide was boiled off, 100 ml. of 
1-nitroso-2-naphthol solution, and 15 g. of chloral hydrate added. The E_H was 
brought to about 8 by the addition of dilute hydrochloric acid. The beaker was 
placed on a hot-plate and very slowly warmed. 
The precipitate formed was filtered, washed with 5% hydrochloric 
acid and dried at 130°C. to constant weight. 
H. Synthesis of the 1 .... Nitroso-2-naphthol Within the Solution of Cobalt 
Versenate 
As indicated above, it was necessary to try two modifications of the 
procedure given in ttQrganic Synthesestt. 
1. To the basic cobalt EDTA complex which had been previously 
oxidized was added 2-naphthol, the solution cooled to 0°C. and acetic acid 
added to a E_H of about 3. 5. The nitrite was added in the form of an alcohol 
solution of ethyl nitrite alcohol 10% by weight, ethyl alcohol solution of ethyl 
nitrite 90% by weight 
A solution of 2-naphthol was made as the solid was not readily 
soluble in cold cobalt solution. This method was unsuccessful and was modified 
in a later procedure (see p. 67). Several variations of the procedure were tried. 
a. The method of adding the ethyl nitrite was varied: (1) at 
first it was poured in quickly from a graduate; (2) a chilled funnel was then 
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used. The ethyl nitrite was poured into this funnel while stirring the solution 
vigorously. Thus the ethyl nitrite was added under the surface of the solution. 
b. About five minutes after the ethyl nitrite had been added, 
one-half gram of sodium nitrite was put in to insure complete precipitation. 
c. Sodium carbonate was used to make the original cobalt 
solution basic (see p. 4~). 
d. After the precipitate had settled the supernatant liquid was 
decanted and various washing techniques applied: (1) boiling with various con-
centrations of nitric acid; (2) heating with various concentrations of acetic acid. 
e. The amount of acetic acid in the cobalt solution was varied. 
f. The acid was generated by the hydrolysis of 5 g. of am-
monium peroxydisulfate. 
g. After the precipitate had settled sodium hydrosulfite was 
added and the solution warmed slowly. 
2. To the basic cobalt EDTA complex which previously had been 
oxidized with peroxide, 2-naphthol was added, the solution cooled to 0°C., 
sodium nitrite added and the £H lowered by the slow addition of 10% sulfuric 
acid, dropping from a buret with constant (mechanical) stirring. The following 
modifications were: 
a. The solution was warmed very slowly as the acid was added. 
b. The precipitation of the cobalt naphtholate was carried out 
in mixed solvents. 
(1) Dioxane and Water 
A variety of mixtures of these two sol vents were 
prepared, starting with a 50% solution and gradual~y decreasing the amount of 
dioxane. 
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(2) Alcohol and Water 
A 50% solution of these sol vents was tried initially, 
followed by gradually decreasing amounts of alcohol. 
(3) 1-Propanol and Water 
A 10% solution of 1-propanol proved so unsuccess-
ful (a yellow oil formed) that work with this solvent was not continued. 
3. Oxidizing the Excess Reagent 
1-Nitroso-2-naphthol was prepared by dissolving 2 g. of 1-
naphthol and 1 g. of sodium nitrite in basic solution and slowly adding sulfuric 
acid until precipitation was complete (temperature was maintained at 0°C. ). 
This precipitate was divided into three parts. 
To one-third of the precipitate potassium permanganate was 
added. A dense brown precipitate formed which was very hard to remove (Mn O ) . 
. 2 
Another third of the precipitate was treated with hydrogen 
peroxide. This had very little or no effect on the solution, tar or precipitate. 
It seemed to be too mild an oxidizing agent in acid or neutral solution. 
To the last part concentrated nitric acid was added and the 
precipitate boiled until a clear yellow solution was obtained. This treatment 
was repeated several times using different concentrations of nitric acid. Con-
centrated nitric acid added, even dropwise, caused the formation of tar which 
was very difficult to remove. 
Cobalt nitroso naphtholate was prepared and treated with nitric 
acid as above. It dissolved in the hot nitric acid but did not appear to decom-
pose. However, a small loss did occur. This treatment also was repeated 
several times using different concentrations of nitric acid. Each determination 
was accompanied by some loss in precipitate and occasionally by the formation 
of some insoluble tar. 
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4. Solution of the excess reagent in base. This method showed 
promise and the following procedure was developed: 
To the cobalt in a 600 ml. beaker add 10 ml. of 0. 5 M Ver-
sene. Oxidize the cobalt with successive additions of peroxide until a clear 
yellow solution is obtained. Boil off excess peroxide, add 0.15 g. of 1-naphthol 
and 1 g. of sodium nitrite. Dilute to approximately 200 ml. and cool to 0°C. 
Add, stirring vigorously, 15 ml. of glacial acetic acid. Allow to settle one-half 
hour, add 15 g. of sodium hydroxide (ammonia also was tried here) and heat to 
boiling. Allow to settle and cool. Filter and wash with 5% acetic acid solution 
and finally with 1:20 hydrochloric acid until the wash water is colorless. 
Several blanks were run to determine what, if any, insoluble 
substance might result from the synthesis itself and subsequent treatment. Re-
sults of these runs averaged 0. 0056 g. This weight was used as a blank error. 
V. Experimental Part B 
A. The Determination of Cobalt by the Homogeneous Precipitation of 
Cobalt 1-Nitroso-2-naphtholate from Sodium Cobaltinitrite Solution 
fu mildly acid solutions cobaltous ion is oxidized to the cobaltic 
state by nitrous acid, forming the cobaltinitrite complex. These directions are 
given for the preparation of sodium cobaltinitrite. <107) 
Dissolve 50 g. of cobaltous nitrate and 150 g. of sodium nitrite in 
150 cc. of water. Cool the solution to 40°C. and, while shaking frequently, 
add 50 cc. of 50% acetic acid, a little at a time. Then oxidize the cobaltous 
salt by drawing air through the liquid for a half hour. After some time filter. 
A modification of this procedure has been adopted for the present 
analysis. 
Reagents and Apparatus 
The crucibles: Selas porcelain filtering crucibles No. 3010 
were used. 
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a. Calibration of the Glassware 
One, 5 and 10 ml. pipets and a 100 ml. volumetric flask 
were calibrated and found to be within the desired tolerance; thus no correc-
tions were applied. The same pipets and same flask were used throughout. 
b. The Instruments Employed 
(1) The same Ainsworth chainomatic balance (Model DLB) 
was used for all weighings. The chain had no corrections, the weights were within 
the desired tolerance and required no correction. 
(2) Radioactive studies to determine iron interfer:ence 
and the amount of cobalt remaining unprecipitated were made with a well-type 
y-scintillation counter using the appropriate isotopes. 
c. Cobalt Standard Solution 
This was prepared and treated as shown on p. 60. 
d. 2-Naphtb.ol Stock Solution 
The stock solution containing 0. 5 g. of 2-naphthol in 
100 ml. of a warm 25% glacial acetic acid solution is prepared by warming the 
2-naphthol until it is dissolved. 
e. The Wash Solutions 
The 1:10 hydrochloric acid, acetic acid and ammonia 
solutions were prepared by diluting 10 ml. of the respective concentrated solu-
tions to 100 ml. 
The 1:20 hydrochloric acid solution was prepared by dilu-
ting 5 ml. of concentrated hydrochloric acid to 100 ml. 
B. Procedure 
To 10 ml. of a neutral or slightly acid solution* containing from 1 
* In the case of solutions containing vanadium, chromium, manganese, molybdenum, 
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etc. , the solution should be treated with nitric acid or ammonium per sulfate to 
be sure that these ions have been oxidized to vanadate, chromate, permanganate 
or molybdate, respectively. 
to 90 mg. of cobalt in a 600 ml. beaker add 10-15 drops of glacial acetic acid, 4 
* or 5 ice cubes (from distilled water) and 1 g. of sodium nitrite . Stir and allow 
to stand for 10 minutes with occasional stirring preferably by clean air or oxy-
gen. 
Add 100 ml. of 25% ammonium fluoride solution, stir, then add the 
proper quantity of 2-naphthol solution** rapidly and with vigorous stirring. 
Continue to stir for one minute, add sufficient ice (2 or 3 more cubes) to keep 
the s olution cold for the next half hour. Allow to stand for one half hour or until 
the supernatant liquid is clear yellow. 
Decant the clear liquid through an unweighed Selas porcelain filter-
ing crucible leaving as little of the filtrate as possible in the beaker. Wash any 
solid adhering to the crucible back into the beaker. Heat the contents of the 
beaker on a low hot plate (temperature between 50-60°C.) for approximately 
one half hour with occasional stirring at the beginning. Remove from the heat, 
allow to settle and decant through the crucible, again washing adhering precipi-
tate back into the beaker. 
* 90-150 mg. of cobalt can be precipitated if 2 g. of sodium nitrite is added. 
** The amount of 2-naphthol to be added is determined by the amount of cobalt 
in the sample. To find the correct number of milliliters of stock solution 
which must be added multiply the approximate number of milligrams of cobalt 
to be precipitated by 2 and add 10. For example, if the sample is known to con-
tain approximately 15 mg. of co++, add (15 x 2) = 30 + 10 = .40 ml. of the 2-
naphthol solution. This is not critical, 20 ml. (0. 1 g.) of 2-naphthol in excess 
only prolongs the washing of the precipitate from the reagent. 
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Continue washing in the manner described: 
1. Add 100 ml. of 1:20 hydrochloric acid and heat nearly to 
boiling but do not boil. Allow to settle. Decant. 
2. Add 1:10 ammonia solution, heat to boiling. Allow to set-
tle. Decant. 
3. Add 1:10 acetic acid, heat to boiling. Allow to settle. 
Decant. 
4. Continue to wash with hot, 1:10 hydrochloric acid until the 
wash water is colorless. Boiling in hydrochloric acid is not harmful after the 
first wash. 
After the wash water is colorless, transfer quantitatively to the 
crucible. Dry the precipitate to constant weight (115°C.) and weigh. 
Dissolve the precipitate by washing chloroform through the crucible 
until all of the red precipitate has been dissolved. Dry to constant weight. 
The gravimetric factor to obtain the amount of cobalt in the precipi-
tate is 0. 0965. 
The above procedure for the determination of cobalt was submitted 
to the following study. 
1. Study of the Oxidation of the Cobaltous Ion 
To determine the oxidation state of the cobalt, a solution of 
cobalt sulfate was treated according to the directions in the proposed procedure. 
Taking a 10-ml. aliquot of cobalt (10 mg. Co), 4 ice cubes 
were added, followed by 10 drops of glacial acetic acid and 1 g. of sodium nitrite. 
The solution was stirred occasionally over a 10-minute period (actually stirring 
with bubbles of air or oxygen would be highly beneficial). Finally potassium 
chloride was added to a portion of the solution so treated. A yellow, crystal-
line precipitate slowly formed indicating the presence of potassium cobaltinitrite. 
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This was not tested for quantitative conversion to cobaltic ion because later 
analysis of cobalt nitroso naphtholate (p. 70) indicated a pure precipitate and 
according to current opinion cobaltous ion would form an impure precipitate. 
2. Blank Runs 
Several blanks were run with this procedure; 0. 1 g. of 2-
naphthol (20 ml. of solution) was used. This approximated an excess of 0.1 g. 
of 1-nitroso-2-naphthol. 
The residue in the crucible was black, indicating some insolu-
ble decomposition products. The results were: 
0. 0025 mg. 
0.0020 
0.0024 
0.0033 
0.0018 
0.0120 av. :=0,0024 
Deviation from average 
0. 0001 mg. 
0.0004 
0.0000 
0.0009 
0.0006 
All within claimed 
limit of tolerance 
For some time a correction was made by subtracting this 
blank from the weight of the precipitate. In later work, however, the neces-
sity for this blank correction was eliminated. 
3. Analysis of the Precipitate 
The precipitate was analyzed and gave these results.* 
a. A precipitate formed in a solution without the presence of 
fluoride ion and not washed as indicated in the final procedure, was found to 
contain: 
Carbon 
Hydrogen 
Nitrogen 
Found 
62.6 62.4 to 62.5 
3 • 5 3 . 5 to 3 . 5 
6.7 6.8 to6.75 
* Analysis by Carol Fitz, Needham, Massachusetts. 
Theory 
58.9 
3.63 
6.87 
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This indicates some oxidation or decomposition of either 
the precipitate or the reagent. 
b. A precipitate formed in a solution in the presence of 
fluoride ion and washed in the manner called for in the procedure was found to 
contain: 
Carbon 
Hydrogen 
Found 
59 . 4 59 . 2 to 59. 3 
3 . 6 3 . 6 to 3. 6 
Theory 
58.9 
3.63 
..6. 
+0.4 
-0.03 
This not only indicated that the precipitate is free 
from contamination within experimental error but also established the ratio of 
carbon, hydrogen and nitrogen in the compound to be (N part a, C and H part b): 
c = 
H = 
59.3 
12 
3.6 
1 
= 4.94 
"" 3.6 
N • 6 • 75 "" 0.482 14 
~ .. ::2 = 10.24 
3.6 
0.482 = 7.4 
0.482 = 1 
0.482 
4. Completeness of Precipitation 
The method was tested radiometrically to determine whether 
cobalt had been quantitatively precipitated. The procedure used in these tests 
was as follows: 
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a. The Cobalt Standard 
0.1 ml. sent from oak Ridge 
0.1 ml. diluted to 10 ml.: Solution A 
0.1 ml. of A diluted to 100 ml.: Solution B 
10.0 ml. of B diluted to 50 ml.: Solution C 
b. The Test Solution 
To the sample of cobalt to be tested, the proper 
amount of radioactive cobalt was added. This was determined by the activity 
of the radioactive cobalt (sample calculations below). The precipitation was 
carried out under the normal procedure (p. 66;). From the filtrate a known 
quantity (2 ml. in most cases) was removed and the activity counted. These 
tests were conducted in duplicate, one with fluoride ion present, the other with 
fluoride ion absent. See Table VII for the results of these tests. 
5. Interference of other Ions 
A number of ions which commonly occur in association with 
cobalt were tested for interference: nickel, iron, arsenic, vanadium, molyb-
denum, copper, silver, tungsten* and manganese*. 
The iron was added as ferric ammonium sulfate and detected 
in the precipitate radiometrically. The radioactive iron was obtained from oak 
Ridge, and to prepare a standard 0.1 ml of iron-59 from oak Ridge was diluted 
to 100 ml. and 2. 0 ml. of this solution was read. 
A solution containing cobalt, iron and radioactive iron with 
ammonium fluoride was treated as described in p. 66-68. The precipitate was 
filtered and transferred to a test-tube to be read. A small amount of precipitate 
clung to the crucible but the bulk of the precipitate was in the test-tube. The 
calculation on p. 80 (Table XIV) shows that the reading in this bulk was so low 
that the material not counted was negligible (see Table XI. , p. 77). 
* Determined spectrographically. 
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Molybdenum was added as Na2Mo04·2H20, 0.13 g. to a 10-mg. 
sample of cobalt. This is approximately 50 mg. of molybdenum or five times 
the lmown amount of cobalt in the sample. 
Vanadium was added as Na3 vo4 , 0. 5 g. to a 10-mg. sample of 
cobalt. This is approximately 50 mg. of vanadium or five times the lmown 
amount of cobalt. 
Arsenic was added as Na3Aso4 , 0.15 g. to a 10-mg. sample of 
cobalt. This is approximately 50 mg. of arsenic or five times the lmown 
amount of cobalt in the sample. 
The theoretical value for the lmown amount of cobalt was obtained 
in each case. 
The precipitates then were ashed, taken up with a drop of two of 
acid and a test made for the added ions. 
(a) The absence ofa red color when the molybdenum ash was 
treated with thiocyanate indicated that molybdenum was absent. 
(b) The vanadium ash was taken up with a drop or two of sulfuric 
acid and tested for vanadium by the formation of H(V02)o2 or HV04 in the 
presence of hydrogen peroxide. The sample was divided in two for control in 
++ the presence of Co . The absence of a reddish-brown color indicated that 
vanadium was absent. 
(c) The arsenic ash was tested by the Bettendorf£ test (a brown 
color with an acid solution of stannous chloride). Also tried was the addition 
of silver nitrate to get a red precipitate of silver arsenate. 
Nickel was added as NiSO 4 • 6H2 0. Varying quantities were added 
to various levels of cobalt as indicated in Table X. 
Any amount of nickel over 10 mg. caused a gray precipitate 
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to form with the red cobalt naphtholate and the weights of the precipitates were 
well above the theoretical value for the lmown amount of cobalt added. 
The nickel ash was taken up with hydrochloric acid. A drop 
of this solution was dropped on a filter paper , treated with dimethylglyoxime 
and exposed to ammonia vapors. A bright rose color indicated the presence of 
nickel in the precipitate. 
Copper and silver were found to interfere to a marked extent. 
The initial precipitate was black, indicating contamination. 
Tungsten and manganese were tested in the NBS steel sample 
spectroscopically. The results are collected in Table XII. 
The NBS steel sample was dissolved in 25 ml. of 1:5 sulfuric 
acid and 2 ml. of nitric acid added drop by drop and the solution evaporated to 
so3 fumes. The solution was cooled and made up to 250 ml. Aliquots of this 
sample were analyzed according to the procedure given. The dried cobalt 
naphtholate precipitate was sent to the Swift Laboratories, Watertown, Massa-
chusetts, for spectrographic analysis (see Table XU p. 77). 
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VI. Presentation of Data 
TABLE VII 
Completeness of Precipitation 
Cobalt found in filtrate, mg. Cobalt taken 
mg. (ammonium fluoride present) No ammonium fluoride present 
10 o. 005 o. 03 
15 
100 
0.003 
0.008 
0.5 
0.1 0.7 
TABLE VIII 
Effect of Various Wash Solutions on Cobalt Precipitate. 15 mg. Sample 
Wash 
1:20 HCl boiled 5 minutes at the beginning of 
washing 
1:20 NH4 OH boiled 10 minutes 
1:3 acetic acid boiled 
1:10 acetic acid 
1:20 HCl boiled 5 minutes at end of washing 
Amount of cobalt removed, mg. 
0.002 
0.00261 
0.00894 
0. 00135 
0.00075 
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TABLE IX 
Determination of Cobalt 
Standard solutions: By Use of Proposed Method 
Cobalt taken, g. Cobalt found, g. Dev. from Std. dev. u, mg. 
av. known val. av . . val. 
0.0010 o. 0011 +0.1 o.o 0.07 
0.0010 0.0010 0.0 -0.1 
0. 0011 +0.1 0.0 
0.0050 0.0050 0.0 0.0 o. 1't 
0.0049 0.0050 -0.1 -0.1 
0.0049 -0.1 -0.1 
0.0052 +0.2 +0.2 
0.0103 0.0102 -0.1 -0.1 0.06 
0.0103 0.0 o.o 
0.0103 0.0103 0.0 0.0 0.0103 0.0 0.0 
0.0104 +0.1 +0.1 
0.0103 0.0 0.0 
0.0250 0.0250 0.0 0.0 0.14 
0.0251 0.0250 +0.1 +0.1 0.0248 -0.2 -0.2 
0.0249 -0.1 -0.1 
0.0257 0.0257 0.0 -0.1 0.23 
0. 0261 0 . 0258 +0.4 +0.3 0.0256 -0.1 -0.2 
0.0257 0.0 -0.1 
0.0500 0.0495 -0.5 0.0 0.41 
0.0499 -0.1 +0.4 
0.0488 -1.2 -0.7 
0.0498 -0.2 +0.3 
0.0499 -0.1 +0.4 
0.0491 0.0495 -0.9 -0.4 
0.0500 0.0 +0.5 
0.0490 -1.0 -0.5 
0.0496 -0.4 +0.1 
0.0498 -0.2 +0.3 
0.0498 -0.2 +0.3 
0.0515 0.0518 +0.3 0.1 
0.0519 +0.4 
0.1000 0.1009 +0.9 
0.1025 0.1025 o.o 
Table IX contd. 
NBS No. 153 
Dev. from 
Cobalt taken, % Cobalt found, % Avg. Std. dev., 
av. 
8.45 8 • .42, -0.03 0.054 .c 
8.38 -0.07 
8.52 8.45 +0.07 
8.48 +0.03 
8.46 +0.01 
NBS Steel No. 153 i.e.,% == W, 1.58; Ni, 0.107; Cr, 4.14; V, 2.04; 
Mo, 8.38; Mn, 0.219; Cu, 0.099; Si, 0.187. 
TABLE X 
futerference of Nickel, No Fluoride Present 
Cobalt 
Nickel taken Taken Found 
mg. mg. mg. 
10 10.3 10.9 
50 10.3 11.8 
100 10.3 13.7 
200 10.3 17.3 
25 25.7 26.7 
Cobalt 
error 
mg. 
+0.6 
+1.5 
+3.4 
+7.0 
+1.0 
futerference of Nickel, Ammonium Fluoride Present 
10* 10.3 
10.3 
10.35 
10.2 
0.05 
-0.1 
76 
% 
* Amounts of nickel greater than a 1:1 ratio resulted in dark gray precipitates 
similar to those reported above and therefore were not completed. 
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'l'ABLE XI 
Interference of Iron 
++ Co taken NH4F added g. 
Fe added 
mg. 
Fe found in 
precipitate, mg. mg. 
1 10 56 0.184 
1 25 11 0.007 
TABLE XII 
Interference of other Ions (10 mg. Samples of Cobalt) 
Ion 
present Added as Found iii precipitate Wt. Co 
Mo Na2Moo4 .H2o (5 0 mg. Mo) Less than Theoretical 
Steel sample Less than 0.1% 
(spectrographic) 
v Na3 vo4 (50 mg. V) Less than Theoretical 
Steel sample Less than 0.01% 
(spectrographic) 
As Na3Aso4 (50 mg. As) Less than Theoretical 
Steel sample Not present 
(spectrographic) 
Ag Interferes 
Cu Interferes 
w Steel sample Not present 
(spectrographic) 
Mn Steel Not present 
(spectrographic) 
Cr Steel Less than 0.001% 
(spectrographic) 
Fe 10 mg. Fe/1 mg. Co 0. 007 mg. Fe 
Fe(NH4)S04 ·12H20 (radioactive tracer study) 
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TABLE XIII 
Time Needed to Dry Sample to Constant Weight 
Cobalt Approximate wt. 
taken precipitate, mg. Drying time Wt. crucible 
mg. Co(C 10H6N02)3 · 2H2o (115-118°C.) .6., g. +sample, g. 
100 1000 2 hours 23.2845 
3 hours 0.5320 22.7525 
Overnight 0. 0015 22.7510 
Overnight+ 
1 hour 0.0002 22.7508 
10 100 1 hour 20.7299 
2 hours 0.0002 20.7297 
3 hours 0.0001 20.7296 
TABLE XIV 
Sample Calculations 
Complete Precipitation 
A. Standard 
0.1 ml. of solution (Soln. A) diluted to 100 ml. (Soln. B) 
10 ml. of B diluted to 50 (Soln. C) 
2 ml. of C read 
In sample 0. 1 ml. of solution A therefore 5000 x diluted in standard. 
Count of standard (2 ml. ) 
(256 X 233) :c (59648) + 126 :C 59774 
-218 background 
59556 
x 5000 dilution factor 
2 \297780000 for 2 ml. 
148890000 for 1 ml. 1. 49 x 108 
Table XIV contd. 
B. 10 mg. of Co++ fluoride present after initial precipitation 
(256 X 2) + 128 + 64 + 16 + 15 :::: 735 
-218 
2 \517 2 ml. 
259 1 ml. 
x 280 No. of ml. in filtrate 
79 
72520 = 7. 25 x 104 counts per min. 
1. 49 x 108 Standard 
10 mg. co++ 
= 
7. 25 x 104 filtrate 
x mg. Co++ in filtrate 
4. 8 x 10-3 ~ 0. 005 mg. Co++ not precipitated in 10 mg. sample • 0. 005% 
C. 15 mg. Co +t fluoride ion present 
Standard count = (256 x 145) + 32 + 14 z:. 37166 
-138 
2L37028 
18514 
Solution count 
512 
68 
128 
2 (708 2 min/2 ml. 
354 
-138 
2 1216 
108 1 min/lml. 
108 
x 460 ml. filtrate 
49680 
background 
4 
ll!t 1.85x10 
49680 :s: 4. 97 X 104 
4 3 1. 87 X 10 X 5 X 10 = 9. 25 x 10 7 Standard =- ++ 15 mg. Co 
Mg. Co left in soln. ~ 
-3 15 X 4. 97 X 10 
9.35 
7 9.25 x 10 = 15 mg. Co 
4.97 X 104 X 
-3 7. 96 X 10 = o. 00796 ++ == 0. 008 mg. per 15 mg. Co taken. 
++ Precipitation of Iron - 1 mg. of Co 
Iron added as Fe (NH4 )(SO 4)2 • 12 H2 0 (1. 1 g) 
25 g. of NH4 F _ added 
A. Standard 
· 0.1 cc. of A diluted to 100 (2 ml. read) 
I. 0 cc. of A used in run 
17299 Count 
-163 Background 
2 ji7I36 for 2 ml. 
8568 for 1 ml. 
Sample: 
5552 
-163 
5389 = 
80 
3 5.39xl0 
Therefore 0. 001 ml. of A = 8. 57 x 103 counts 
l.Oml. ofA = 8.57x103 xi03 =8.57x106 countsforlml. 
11. 6 mg. of iron taken 
482 
56 = 
100 
X 
• No. mg. Fe taken 5600 
:=; 482 = 11.6 
11.6 
6 8. 57 X 10 
X 
5.389xl0 3 
No. mg. Fe in ppt. = 
-3 11.6 X 5.39 X 10 
8.57 
= 7.3 X 10-3 
0. 0073 mg. 
::.: 0. 007 mg. Fe 
Concerning iron: The amount of 1-nitroso-2-naphthol formed in this 
solution was enough to precipitate 10 mg. of Co+++. One mg. Co+++ was used 
so that the total precipitate could be counted. There was approximately 10 times 
(11.6 mg.) this amount of iron added to the cobalt. 
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PART VII 
VII. Conclusions and Suggestion for Further Work 
The original purpose of this project was to precipitate cobalt from homo-
geneous solution by initially complexing the cobalt with Versene (disodiumethylene-
dinitrilitetraacetate) in basic solution, adding 1-nitroso-2-naphthol and releas-
ing the cobalt from the complex by slowly lowering the _EH to form cobalt 1-nitroso-
2-naphtholate. This was not successful. 
A new method has been developed for the determination of cobalt. In this 
new method cobalt is precipitated from a homogeneous solution as cobalt 1-
nitroso-2-naphtholate. This precipitation is accomplished by synthesizing the 
reagent 1-nitroso-2-naphthol within the solution, thus keeping the concentration 
of the precipitant low during the formation of the precipitate. The cobaltous ion 
is oxidized to cobaltic ion by the nitrous acid which is already present for the syn-
thesis of the reagent. This enables the precipitate to be weighed directly making 
use of the favorable gravimetric factor. The extra step of ashing the cobalt 
naphtholate and forming an oxide of questionable composition is thus avoided. 
The use of the fluoride ion as a complexing agent for ferric, tungsten and 
other ions that form stable fluoride complexes increases the usefulness of the 
method. 
The influence of interfering ions was checked s pectroscopically, radio-
metrically and chemically. Fe, Cr, V, W, Mn, As and Modo not interfere 
with the analysis. Both copper and silver must be removed and nickel_ Will .inter-
fere if it is present in amounts greater than in a ratio of 1:1. 
The precipitate forms in a dense layer on the bottom of the beaker. It 
does not appear to be either granular or crystalline but is easy to handle if the 
di rections are carefully followed. 
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The most time-consuming step of the analysis is the washing of the pre-
cipitate; in other respects the method is much faster and less time consuming 
than many other gravimetric methods for the determination of cobalt. 
There is no critical length of time for digestion, no critical temperature, 
no critical .EH in any part of the analysis. 
The accuracy and precision of the method is within 0.1 mg. of Co at a 10 
mg. level and 0.2 mg. of Co at a 50 mg. level. 
The method of synthesizing the reagent within the solution is interesting. 
Little work has been done in this area (99) and it might well be pursued further. 
The character of many precipitates might be improved with this technique with 
subsequent decrease in coprecipitation and related interferences. 
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ABSTRACT 
A method has been developed to determine cobalt by oxidizing cobaltous 
ion to cobaltic ion and precipitating cobaltic 1-nitroso-2-naphtholate from 
homogeneous solution by synthesizing the reagent within the reaction mixture. 
Excess reagent precipitates after the cobalt nitroso-naphtholate has settled. 
A washing procedure has been developed to eliminate the excess reagent with-
out affecting the cobalt nitroso-naphtholate. After washing to remove excess reagent 
and filtration, the precipitate is dried and weighed as Co(C10H6N02)3 • 2 H2 0. 
The presence of fluoride prevents the interference of iron, tungsten and 
other elements which form strong fluoride complexes. 
Radiometric studies were made to determine whether cobalt is quantita-
tively removed from solution and to establish the fact that iron does not inter-
fere in this method. 
Interference studies were made on other ions commonly associated with 
cobalt; these included the ions of Ni, V, As, Cu, Ag, Mo, Wand Cr. Tests 
for the presence of these elements in the precipitate were made both chemi-
cally and spectrographically. Ions of Fe, V, As, Mo, W and Cr were found 
not to interfere. Ag and Cu ions must be removed and Ni(II) may be present 
in amounts up to 10 mg. 
The precision and accuracy is within 0.1 mg. of Co at a 10 mg. level and 
within o. 2 mg. of Co at a 50 mg. level. 
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